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A  MODULARIZED  ANTENNA  CONCEPT 

FOR  A 

KU-BAND  FERRITE  PHASED  ARRAY 

F.  Lauriente  and  A.  Evenson, 

Microwave  Applications  Group,  Inc. 

Santa  Maria,  CA 

and 

M.J.  Kiss 

Martin  Marietta  Corp. 

Orlando,  FL 

ABSTRACT 

A  modularized  antenna  concept  for  a  two-axis  scanning,  polarization 
diverse,  Ku-Band  ferrite  phased  array  is  presented.  The  design  concept  is 
predicated  upon  a  module  of  the  array  being  a  basic  building  block  which 
is  replaceable  at  the  depot-level  in  order  to  effect  a  reduction  in  life-cycle 
antenna  cost. 

The  array  design  centers  upon  a  novel  modular  concept  whereby,  the 
array  aperture  is  divided  into  a  number  of  modules  containing  two  rows 
of  approximately  80  elements  each.  1  he  design  of  the  driver  circuitry  for 
control  of  the  ferrite  phase  shifters  and  polarization  switch  provides 
provision  for  storage  of  collimation  data  thereby  making  each  module 
independent  and  permitting  module  interchangeability  without 
recollimation  of  the  array.  This  feature  represents  a  significant 
improvement  in  maintainability  of  electronically  scanned  phased  arrays, 
since  a  module  can  be  replaced  at  the  depot  level  and  the  antenna  returned 
to  service  with  no  further  adjustments. 

Polarization  diversity  and  independent  control  over  the  sum  and 
difference  mode  distributions  ate  incorporated  into  the  design.  Two  array 
modules  were  designed,  fabricated  and  tested  in  order  to  validate  the 
design  concept. 

©  Martin  Marietta,  1990 


The  U.S.  Government  Is  authorized  to  reproduce  and  sell  this  report. 
Permission  for  further  reproduction  by  others  must  be  obtained  from 
the  copyright  owner. 


1.0  Introduction 


In  a  conventional  two-axis  ferrite  phased  array  architecture;  each  phase 
shifter  is  usually  fitted  with  its  own  individual  driver  prior  to  installation 
in  the  antenna.  The  drivers  are  arranged  to  plug  into  a  circuit  board 
carrying  power  and  command  signals  to  each  phase  control  element.  In  a 
large  array  of  several  thousand  elements,  a  complex  multi-layer  board 
consisting  of  several  shielded  layers  is  normally  needed.  Hence  the 
antenna  assembly  and  integration  task  becomes  very  complicated  and 
costly. 

An  alternate  array  architecture  for  use  in  the  next  generation  ferrite 
phased  arrays  is  a  modular  design  concept  (1)  as  depicted  in  Figure  1.  In 
this  approach;  multi-channel  drivers  and  collimation  memory  components 
are  mounted  on  a  circuit  board  and  integrated  with  the  phase  shifters  and 
RF  distribution  manifold  into  a  module  which  accommodates  two  rows  (or 
columns)  of  the  antenna.  The  advantages  of  this  approach  are  increased 
reliability,  maintainability,  and  reduced  life-cycle  costs. 

An  array  module  for  use  in  a  polarization  diverse,  two-axis  electronically 
scanned  phased  array  was  designed,  fabricated  and  tested.  The  module 
design  is  fully  form  factored  in  accordance  with  array  requirements  listed 
in  Table  1,  and  the  physical  layout  of  the  full  array  shown  in  Figure  2.  A 
full  module  consists  of  two  rows  of  80  elements  each  on  an  equilateral 
triangular  grid.  The  160  elements  in  each  module  consist  of  phase  shifters 
integrated  with  polarization  switch  and  radiating  elements.  The  design 
philosophy,  which  is  predicated  on  complete  interchangeability  within  the 
array,  requires  that  each  module  contain  memory  for  the  storage  of 
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TABLE  1 


ARRAY  RF  PERFORMANCE  PARAMETERS 


BEAMWIDTH 

~  1.3°  @  fo 

SCAN  COVERAGE 

±45  DEGREES 

GAIN  VARIATION  VS. 

SCAN  ANGLE 

LESS  THAN  4dB  RELATIVE 

TO  BROADSIDE 

BANDWIDTH 

OPERATING 

INSTANTANEOUS 

1.0  GHz 

320  MHz 

BEAM  SCAN  VS. 

INSTANTANEOUS 

BANDWIDTH 

MINIMUM 

BEAM  BROADENING 

LESS  THAN  0.2  DEGREE 

POLARIZATION 

VERTICAL  LINEAR,  RCP,  LCP 
WHH  l.OdB  AXIAL  RATIO  IN  CP 

SIDELOBE  LEVELS 

SUM:  -30dBPEAK, 

-45dB  AVERAGE 

DIFFERENCE:  -25dB  PEAK, 

-40dB  AVERAGE 

POWER  HANDLING 
(MODULE  LEVEL) 

500  W  AVERAGE,  7.5KW  PEAK 

VSWR 

1.5 : 1 

BEAM  SWITCHING 

60^sec  @  IKPiz  RATE 

39 


collimation  data,  phase  shifter  linearization  tables,  and  polarization  switch 
settings.  Use  of  orthogonal  product  illumination  functions  and  a 
rectangular  aperture,  permits  the  use  of  a  single  module  design  as  a  basic 
building  block.  In  fact,  a  single  module  itself  consists  of  two  identical 
halves  assembled  with  one  half  rotated  180  degrees.  A  picture  of  a  half 
module  is  shown  in  Figure  3  and  an  assembled  module  in  the  pattern  test 
fixture  shown  in  Figure  4.  Two  complete  modules  were  fabricated  and 
tested. 

The  sidelobe  levels  specified  for  the  sum  and  difference  modes  and  the 
requirement  for  minimum  beam  scan  over  the  instantaneous  bandwidth 
require  a  feed  manifold  with  equal  line  lengths  and  independent  control 
over  the  sum  and  difference  mode  excitations.  While  the  overall  array 
conceptual  design  is  a  result  of  a  number  of  trade  studies  including 
thermal  analysis,  structural  analysis,  and  architecture,  this  paper 
concentrates  on  the  basic  module  design  and  test  results.  The  array 
conceptual  design  studies  may  be  presented  in  a  later  paper. 

2.0  Array  Module  Design 

2.1  General  Considerations 

The  detail  designs  of  the  module  are  governed  by  the  array  performance 
requirements  shown  in  Table  1,  with  the  major  design  drivers  being 
instantaneous  bandwidth,  sidelobe  levels  and  polarization  diversity.  In 
order  to  provide  sufficient  performance  margin  in  an  array  assembled 
from  a  number  of  modules,  it  was  decided  to  design  each  module  with  a 
Taylor  35  db,  N-  bar  =  4  distribution  for  the  sum  and  a  Bayless  30  dB,  N 
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-  bar  =  4  distribution  for  the  difference. 

2.2  Feed  Network 

The  RF  design  of  the  module  to  be  used  as  a  basic  building  block  in  a 
phased  array  antenna  centers  around  the  use  of  a  compact  traveling  wave 
feed  network  which  feeds  two  rows  of  80  elements  each.  Each  element 
consists  of  a  dual  mode  latching  ferrite  phase  shifter  with  an  integrated 
radiating  element  and  latching  polarization  switch.  Scan  requirements 
dictate  the  need  for  an  equalateral  triangular  lattice  spacing  of  0.472  inch 
on  a  side  so  that  no  grating  lobes  enter  the  visible  region.  Because  of  the 
small  interelement  spacing,  ridge  waveguide  is  required  at  the  phase 
shifter  inputs. 

Independent  control  of  the  sum  and  difference  distributions  is  obtained 
with  a  Lopez  Feed  (-),  the  schematic  embodiment  of  which  is  shown  in 
Figure  5.  This  is  based  upon  the  geometrical  representation  shown  in 
Figure  6.  The  two  contiguous  3-4-5  right  triangles  ensure  that  the  path 
length  from  the  input  at  the  A-line  or  B-line  to  any  of  the  radiating 
elements  are  equal.  In  the  usual  technique  for  equalizing  the  line  lengths 
in  a  traveling  wavefeed,  where  the  main  guide  is  at  45  degrees  with 
respect  to  the  array  axis,  the  v.ide  dimension  of  the  coupled  guides  is 
foreshortened  by  a  factor  of  VT.  In  this  approach  no  such 
foreshortening  occurs. 

The  feed  consists  of  a  series  of  cross-guide  couplers  connected  in  tandem, 
with  the  main  waveguide  being  reduced  height  WR-62  guide.  Adjacent 
elements  are  coupled  from  opposite  sides  of  the  main  guide  as  shown  in 
Figure  7.  Well-matched  loads  in  the  isolated  arm  of  each  coupler  provide 
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a  low  reflection  termination  of  each  element  for  good  RCS 
characteristics.  The  primary  line  coupler  values  are  chosen  to  produce  the 
desired  sum  distribution  and  the  secondary  line  values  are  chosen  in 
conjunction  with  the  primary  couplers  to  produce  the  desired  difference 
distribution. 

Since  the  efficiency  of  the  feed  network  is  directly  dependent  on  the 
ma.ximum  ccfupler  value  used  in  the  primary  and  secondary  lines,  a  trade¬ 
off  study  was  made  of  efficiency  versus  maximum  coupler  value.  Plotted 
in  Figure  8  are  the  efficiencies  of  the  sum  and  difference  modes.  Since  it 
is  desired  to  make  the  feed  as  efficient  as  possible,  high  coupling  is 
desired.  However,  this  presents  severe  design  problems  for  the  couplers 
in  that  it  becomes  very  difficult  to  achieve  tight  coupling  with  minimal 
coupling  variation  with  frequency  and  high  directivity.  Previous 
experience  indicates  that  a  reasonable  compromise  is  to  limit  the 
maximum  va'ue  of  coupling  to  -12  dB.  This  then  gives  a  sum  mode 
efficiency  of  97.9  percent  and  a  difference  mode  eificiency  of  97.4 
percent. 

-A  plot  of  the  required  secondary  line  coupler  values  is  shown  in  Figure  9. 
.As  can  be  seen  a  sign  reversal  occurs  in  the  coupler  values  near  coupler 
number  50.  Since  implementation  of  the  needed  180  degree  phase  shift 
would  be  difficult,  it  was  decided  to  terminate  the  secondary  line  couplers 
alter  coupler  number  48.  where  the  required  coupling  value  is  about  -28 
dB.  The  effects  of  this  are  shown  in  the  computed  pattern  of  Figure  10. 

2.3  Coupler  Design 

With  the  dimensions  of  the  lattice  geometry  and  other  mechanical 
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constraints  in  mind,  the  waveguide  configuration  shown  in  Figure  11  was 
chosen  for  realization  of  the  couplers.  Coupling  values  in  the  range  of  - 
12  dB  to  -25  dB  were  required  with  directivity  in  excess  of  20  dB.  in 
addition  it  was  desired  that  return  loss  of  each  coupler  be  greater  than  26 
dB. 

The  design  of  the  cross-guide  couplers  is  especially  difficult  in  view  of  the 
limited  amount  of  common  wall  area  available  between  the  two  guides  for 
placement  of  coupling  apertures.  .  Coupling  fixtures  were  constructed  in 
order  to  obtain  coupling  aperture  data  over  the  range  of  values  needed. 
The  coupling  variation  and  directivity  are  shown  in  Figures  12  and  13 
respectively.  Figure  14  shows  the  minimum  return  loss  as  a  function  of 
mean  coupler  value.  Fat  coupling,  high  directivity,  and  good  VSWR 
characteristics  were  maintained  over  the  required  range  of  coupling 
value' 


2.4  Phase  Shifter/Polarization  Switch/Radiating  EleF*eiit 
The  phase  shifter  polarization  switch  and  radiating  element  are  integrated 
into  a  single  package.  A  block  diagram  is  shown  in  Figure  15  and  Figure 
16  shows  a  photograph  of  the  unit.  The  radiating  element  is  a 
dielectrically  loaded  circular  waveguide  which  is  matched  in  a  number  of 
waveguide  simulators.  Radiation  patterns  of  the  element  in  the  array 
environment  were  verified  in  a  121  element  subarray.  The  phase  shifter 
and  polarization  switch  are  realized  on  a  circular  ferrite  rod  which  is 
metalized  to  form  a  ferrite-filled  waveguide.  The  polarization  switch  is 
composed  of  a  cascade  connection  of  a  switched  45  degree  Faraday  rotator 
and  a  nonreciprocal  circular  polarizer.  When  the  Faraday  rotator  is  in  an 
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unbiased  state,  the  linearly  polarized  r-f  energy  propagates  through  the 
rotator  and  experiences  no  rotation. 

The  polarization  is  rotated  ±  45  degrees  when  the  rotator  is  biased  in  one 
direction  or  the  other.  Note  that  the  direction  of  polarization  rotation  is 
independent  of  the  direction  of  propagation  through  the  rotator  for  a  fixed 
bias  direction. 

2.5  Electronics  Design 

The  block  diagram  of  the  module  driver  board  is  shown  in  Figure  17.  All 
I/O  lines  are  differential  for  maximum  noise  immunity.  Further 
immunity  is  achieved  thru  the  use  of  data  and  address  latches  that  are 
controlled  by  a  PAL  with  an  on-board  clock.  The  PAL  is  activated  by  the 
four  system  control  lines.  Look-up  tables  that  contain  phase  shifter 
characterization  data  are  contained  in  the  on-board  memory. 

Data  is  programmed  into  the  PROMs  via  a  test  socket,  and  addressing  one 
half-module  board  out  of  several  is  done  by  setting  the  board  DIP  switch 
so  that  each  board  in  the  system  has  a  unique  address.  Temperature  data 
from  three  thermistors  is  digitized  and  returned  to  the  BSC  over  the  data 
bus  as  required  and  is  also  latched  on-board  to  form  part  of  the  PROM 
address.  Each  of  the  20  8-channel  phase  shifter  drivers  controls  four 
phase  shifters  and  their  associated  polarization  switches.  Built-in-test  is 
provided  from  the  drivers  and  is  monitored  by  the  BSC. 

3.0  Test  Results 
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3.1  General 


The  test  program  was  generally  divided  into  2  general  categories  (a) 
detail-in-process  tests  and  (b)  final  module  acceptance  tests.  The  in- 
process  tests  consisted  of  tests  on  each  phase  shifter/polarization  switch 
unit,  half  module  feed  tests  and  sub- array  verification  tests.  The  final 
acceptance  testing  of  the  module  consisted  mainly  of  radiation  pattern 
tests. 


3.2  Phase  Shifter/Polarization  Switch  Tests 
Comprehensive  test  data  were  measured  on  each  PCM.  The  parameters 
measured  were;  insertion  loss,  return  loss,  RF  phase  characteristics  versus 
phase  command  (look  up  tables)  and  cross  polarization  at  eight  frequencies 
throughout  the  operating  frequency  band. 

3.3  Sub-Array  Verification  Tests 

A  test  subarray  was  constructed  for  the  purpose  of  verifying  the  radiating 
element  design  in  the  array  environment.  The  sub-array  consists  of  121 
elements  arranged  on  an  equilateral  triangular  lattice  of  0.472  -  inch  on  a 
side.  All  elements  except  six  are  terminated  in  loads.  The  remaining  six 
elements  are  brought  out  the  rear  of  the  array  into  waveguide  ports  for 
purposes  of  measuring  the  imbedded  element  pattern  and  mutual  coupling. 
The  arrangement  is  shown  in  Figure  18.  This  figure  also  shows  the 
maximum  measured  mutual  coupling  between  the  various  six  elements. 
Measured  E-  and  H-  plane  patterns  are  shown  in  Figure  19  and  20  for  the 
center  band  frequency  and  center  element  for  vertical  polarization  and  in 
Figures  21  and  22  for  horizontal  polarization. 
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3.4  Feed  Network 

Each  half  of  the  linear  array  feed  was  tested  for  its  coupling  and  match 
characteristics.  The  measured  amplitude  distribution  for  the  sum  (A-)  line 
of  a  typical  half-module  feed  is  shown  in  Figure  23.  As  can  be  seen,  the 
distribution  agrees  quite  well  with  the  Taylor  35  d8,  N  =  4  distribution 
which  has  an  edge  illumination  of  -15.5  d8. 

The  amplitude  distribution  for  the  difference  (B-)  line  of  the  feed  was 
measured.  When  combined  with  the  measured  sum  line  distribution  with  a 
weighting  factor  of  -3.5  dB,  ,  the  difference  distribution  of  Figure  24 
results. 

3.6  Module  Acceptance  Tests 

The  final  acceptance  tests  on  each  of  the  two  deliverable  modules  were 
performed  at  the  Martin  Marietta  Antenna  Range  facility  in  Orlando, 
Florida.  Shown  in  Figure  25  is  a  collage  of  the  measured  sum  and 
difference  patterns  in  linear  polarization  for  module  2  as  the  beam  is 
scanned  from  -45  degrees  to  -(-45  degrees.  The  data  shown  in  the  figure 
are  typical  of  the  performance  of  both  modules  in  linear  polarization. 

The  tests  on  the  modules  consisted  of  linear  polarization,  RHCP  and  LHCP 
patterns  for  both  the  sum  and  difference  channels  at  low  mid  and  high 
band  frequencies.  In  addition  instantaneous  bandwidth  tests  were  made  in 
linear  polarization. 

Radiation  patterns  and  axial  ratio  measurements  were  made  also  in  RHCP 
and  LHCP  at  various  scan  angles.  The  results  for  module  No.  1  are  shown 
in  Table  2,  while  those  for  module  2  are  shown  in  Table  3. 
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TABLE  2:  AXIAL  RATIO  (dB) 


MODLTLE  NO.  1 


Frequency 
(GHz)  and 

SCAN  ANGLE 

0° 

-45° 

+45° 

Sense 

-e 

3dB 

0° 

0 

3dB 

-0 

3dB 

1 

o 

0 

3dB 

-0 

3dB 

o 

ID 

■>+ 

0 

3dB 

15.9  (RHLP) 

0.50 

0.82 

0.76 

1.41 

1.25 

1.13 

0.98 

1.07 

1.56 

15.9  (LFTLP) 

3.80 

3.64 

3.73 

2.67 

2.47 

2.46 

2.74 

2.56 

2.44 

16.4  (RHLP) 

0.46 

0.55 

0.70 

1.22 

1.32 

1.61 

1.31 

1.56 

2.08 

16.4  (LHLP) 

2.54 

2.50 

2.60 

0.98 

0.95 

1.10 

1.33 

1.02 

0.95 

16.9  (RHLP) 

0.16 

0.36 

0.25 

1.67 

1.76 

2.06 

2.10 

2.13 

2.57 

16.9  (LHLP) 

1.55 

1.56 

1.65 

0.52 

0.59 

0.66 

1.04 

0.83 

0.84 

TABLE  3:  AXIAL  RATIO  (dB) 
MODULE  NO.  2 


Frequency 
(GHz)  and 

SCAN  ANGLE 

45° 

Sense 

^3dB 

®3dB 

®3dB 

45° 

®3dB 

15.9  RHCP 

1.4 

1.2 

1.6 

1.0 

1.4 

1.7 

15.9  LHCP 

3.7 

3.7 

3.7 

2.6 

2.7 

2.7 

16.4  RFICP 

0.7 

0.7 

1.0 

1.5 

2.4 

0.8 

16.4  LHCP 

2.3 

2.0 

1.8 

1.3 

2.1 

1.0 

16.9  RHCP 

0.6 

0.8 

0.9 

2.0 

2.1 

2.5 

16.9  LHCP 

1.3 

1.2 

1.0 

1.1 

1.1 

1.0 
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3.0  Conclusions 

The  results  of  the  work  reported  herein  have  demonstrated  that  a  high 
performance  phased  array  antenna  can  be  constructed  using  a  modularized 
building  block  concept.  This  study  has  conclusively  shown  that  an  array 
module  capable  of  meeting  the  specified  array  requirements  can  be  built. 
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FKilJRE  2  -  Array  Layout. 


309 


FIGURES  -  Half-Module 


FKilURE  5  -  FA]iial  Path  Length  Lopez  Feed. 


FIGURE  7  -  Module  Feed  Concept. 
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FI(»URE  8  -  Feed  Efficiency  v.s.  Maximum  Coupler  Value. 
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FKJURE  9  -  Lopez  Feed  Secondary  Line  Coupler  Values. 


FKiURE  !0  -  Difference  Pattern,  Secondary  Lopez  Feed. 
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FKJL'RK  11  -  Coupler  Configuration. 


FKJIJRP]  12  -  Coupling  Variation  vs.  Moan  Coupling  Value. 
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FKJURE  13  -  Directivity  vs.  Mean  Coupling  Value. 
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FIGURE  15  -  Phase  Shifter/Polarization  Switch  Block  Diagram. 


FIGURE  16  -  Phase  Shifter/Polarization  Switch. 
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FKiillRFl  IS  -  Subarray  Layout. 


317 


FIGURE  19  -  Center-Band  E-Plane  Element  Pattern  (Vertical  Polarization). 


FKUJRE  20  -  Center-Band  H-Plane  Element  Pattern  (Vertical  Polarization). 
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FrGURE  21  -  Center-Band  E-Plane  Element  Pattern  (Horizontal  Polarization). 


P’KJL'RFi  22  -  Center-Band  H-Plane  Element  Pattern  (Horizontal  Polarization). 
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FKJURF]  24  -  Difference  Distribution. 
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Module  2  Linear  Pol.  Broadside  0ea« 
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FIGURE  25  -  Measured  Sum  and  Difference  Patterns. 
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A  MATRIX-FEED  BEAM  STEERING  CONTROLLER  FOR 
MONOLITHIC  EHF  PHASED  ARRAY  SYSTEMS 
G.  T.  Wells,  S.  T.  Salvage,  S.  R.  Oliver 
Harris  Government  Communications  Systems  Division 

ABSTRACT 

The  design,  fabrication,  and  test  of  a  Beam  Steering 
Controller  (BSC)  system  for  a  monolithic  44  GHz  phased  array 
antenna  is  presented.  This  system  is  based  on  a  Matrix-Feed 
approach  to  distributing  phase  shift  data  to  a  large  number  (1024) 
of  GaAs  subarrays  which  integrate  multiple  antenna  elements  with 
phase  shifters,  amplifiers,  and  power  combiners.  The  Matrix-Feed 
approach  realizes  the  following  advantages  over  alternate 
controller  concepts:  It  greatly  reduces  the  number  of 
interconnects  to  the  subarrays.  The  effect  on  yield  is  minimized 
due  to  the  simplicity  of  the  digital  circuitry  contained  on  the 
subarray.  The  subarray  chips  are  completely  interchangable .  The 
flexibility  provided  by  this  architecture  eases  expansion  for 
alternative  applications. 

Test  results  are  presented  which  prove  that  the  phase  state 
for  each  individual  element  of  a  4096  element  array  can  be 
calculated,  distributed,  and  latched  into  position  in  less  than  44 
microseconds.  This  corresponds  to  an  array  update  time  of  greater 
than  22.7  KHz. 
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1.0  INTRODUCTION 


Future  monolithic  phased  array  systems  are  envisioned  to 
consist  of  numerous  identical  subarray  chips  set  into  place  upon 
the  phased  array  surface.  Each  subarray  chip  would  contain  four 
or  more  radiating  elements,  phase  shifters,  and  amplifier  gain 
stages.  This  approach  offers  the  reliability,  cost,  and  size 
advantages  associated  with  the  integration  of  several  array 
functions  on  the  same  chip. 

However,  the  need  to  distribute  phase  shift  commands  from  a 
central  controller  to  each  of  the  individual  phase  shifters  can 
add  significantly  to  the  array  cost,  while  detracting  from  its 
reliability,  due  to  the  requirement  for  many  thousands  of  bond 
wire  connections.  For  this  reason,  it  is  desirable  to  reduce  the 
number  of  connections  to  a  practical  level. 

In  this  paper,  a  method  of  reducing  the  number  of 
connections  from  a  central  phased  array  controller  to  1024 
subarray  chips  distributed  over  the  face  of  the  array  is 
discussed.  This  method  has  been  applied  to  the  design  of  a  44  GHz 
monolithic  phased  array,  in  which  each  subarray  chip  contains  four 
antenna  elements,  four  power  amplifiers,  four  phase  shifters,  and 
a  power  dividing  network.  Although  the  44  GHz  application 
discussed  is  fairly  specific,  the  method  is  general  enough  to  find 
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applicability  in  other  types  of  systems,  such  as  the  "brick" 
(modular)  types  of  phased  array  concepts  as  well. 

The  beam  steering  control  (BSC)  approach  discussed  in  this 
paper  is  called  the  Matrix-Feed  Method.  The  Matrix-Feed  Method  is 
identified  by  the  method  of  data  transfer  to  the  subarrays  through 
a  network  of  row  and  column  lines  to  each  subarray.  The  column 
connection  provides  a  clock  which  allows  data  to  be  synchronously 
transferred  through  the  row  connections.  A  centralized  controller 
board  calculates  and  transfers  phase-state  data  to  32  subarrays  at 
a  time.  The  primary  benefit  of  this  design  is  that  it  requires 
only  2  pin  connections  per  subarray  and  only  64  wires  between  the 
controller  board  and  the  subarrays  for  a  4096  element  array.  It 
uses  a  simple  low  risk  digital  design,  allowing  the  use  of 
algorithms  which  are  flexible  enough  for  applications  such  as  null 
steering  and  multiple  beam  forming.  The  method  is  capable  of 
providing  digital  self  test.  Using  currently  available 
technology,  this  architecture  is  capable  of  array  updates  at  rates 
greater  than  than  20  KHz. 

In  order  to  realize  the  Matrix-Feed  approach,  a  limited 
amount  of  digital  circuitry  must  be  fabricated,  along  with  the  RF 
power  amplifiers  and  phase  shifters,  on  the  subarray  chips.  Fewer 
than  100  digital  gates  are  required  per  subarray.  It  has  been 
calculated  that  the  subarray  digital  circuitry  will  consume  less 
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than  45%  of  the  unused  area  on  a  44  GHz  subarray,  ensuring  low 
impact  on  future  monolithic  integration  of  the  RF  subarrays  and 
the  BSC  design.  It  is  essential  to  maintain  a  low  gate  count  on 
the  face  of  the  subarray,  to  keep  from  adversely  affecting  the 
yield  and  power  dissipation  of  the  chips. 

I.n  addition  to  developing  this  approach  on  paper,  a 
hardware  system  has  been  built,  demonstrating  that  the  Matrix  Feed 
method  accurately  transfers  data  to  a  4096  element  array  at  an 
update  rate  faster  than  20  KHz.  The  following  sections  will 
detail  the  design,  fabrication  and  test  of  this  concept. 

2.0  DESCRIPTION  OP  THE  MATRIX-FEED  BSC  CONCEPT 

The  Matrix-Feed  Controller  System  can  be  functionally 
divided  into  two  main  sections,  i.e.  the  subarray  circuitry  and 
the  central  controller.  The  subarray  circuitry  consists  of  the 
digital  gates  which  are  to  be  fabricated  along  with  the  power 
amplifiers  and  phase  shifters  on  the  face  of  the  phased  array. 

The  central  controller  is  more  complex,  and  is  broken  down  into 
identifiable  subsections.  They  are: 

•  The  Coordinate  Transformation  block 

•  The  Phase  Computation  sections  <for  element  level  phase 
computation) 
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Comma  n<i 


The  Matrix  Interface  sections  (for  serial  data 


distribution) 

•  The  Timing  section 

The  relationships  between  these  sections  and  the  subarray 
chips  are  shown  in  Figure  1. 


Figure  1  Matrix-Feed  BSC  Architecture 


2 . 1  COORDINATE  TRANSFORMATION  BLOCK 

In  this  phased  array  system,  an  initial  beam  position  is 
assumed  to  have  been  given  in  spherical  coordinate  angles  (0,0) . 

The  phase  at  the  i^-h  elements  of  an  m-row  by  n-column  flat 

phased  array  is  described  by  the  following  equations. 

0i)^  =i  (f /f©)  7Csin0j^  +  )c  (  f /f  q)  rt3in0y  (1) 
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0JJ  =  sin“l  [sin  (0)  cos  (0)  /  (sin^  (0)  co3^  (0)  +  cos^  (0)  )  1/2  ]) 


(2) 


0y  =  sin~l  [sin  (0)  sin  (0)  /  (sin^  (0)  sin2  (0)  +  cos^  (0)  )  1/^  ])  (3) 

where  f/fo  is  a  factor  to  account  for  frequency  shift  in  a 
frequency  hopping  system. 

The  solution  of  equations  (2)  and  (3),  the  calculation  of 
the  sine  of  equations  (2)  and  (3),  and  the  multiplication  of 
equations  (2)  and  (3)  by  7t  and  (f/f^),  need  be  performed  only  once 
for  the  entire  array,  and  is  accomplished  in  the  coordinate 
transformation  block  as  soon  as  the  command  is  received.  The 
output  of  this  block  consists  of  two  single  10  bit  words, 
representing  ( f  / f q)  Tcsin  (0jj)  and  (f /f^)  icsin  (0y)  _  These  words  are 

then  transferred  to  the  Phase  Computation  section  where  the 
subsequent  multiplication  of  these  words  by  the  individual  row  and 
column  numbers  (i  and  k)  occurs. 

2.2  PHASE  COMPUTATION  AND  MATRIX-FEED  SECTIONS 

The  two  words  generated  in  the  coordinate  transformation 
section  are  used  to  calculate  the  phase  state  for  each  individual 
element  of  the  array.  The  phase  computation  block  performs  the 
multiplication  of  the  first  word,  ( f /f  q)  nsin  (0j^)  ,  by  the  row 

number  of  the  element  (i) ,  and  the  second  word,  (f /fQ) nsin (0y)  by 
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its  column  number  (k) .  Addition  of  the  two  numbers  is  then 
performed.  The  multiplication  of  the  element  locations,  i  and  k, 

by  (f /fQ)  Ttsin  (0j^)  and  ( f  / f q)  Jtsin  {0y)  continues,  column  by  column 
until  the  last  subarray  in  each  row  is  reached. 

The  multiplication  of  (f/f^)  Jtsin  (0^^)  and  (f/f^)  Jtsin  {0y)  by 
i  and  k  for  each  phased  array  element  can  be  time  consuming  for  a 
large  array.  It  is  therefore  desirable  to  parallel  as  much  of 
this  operation  as  is  possible.  The  division  of  effort  which  was 
selected  in  the  44  GHz  study  was  to  allocate  a  Phase  Computation 
block  in  the  central  controller  for  each  of  the  32  subarray  rows. 
By  configuring  the  Phase  Computation  sections  in  this  manner,  the 
array  update  rate  was  increased  by  a  factor  of  32. 

As  the  multiplication  is  performed  for  each  column  of  the 
array,  the  data  is  transferred  to  the  Matrix  Interface  block.  The 
Matrix  Interface  block  directs  the  flow  of  the  calculated  phase 
state  data  from  the  controller  to  the  individual  subarrays.  The 
entire  transfer  is  accomplished  with  only  two  connections  per 
subarray  in  the  following  manner: 

The  data  for  any  four,  four-bit  phase  shifters  contained  in 
a  given  row  of  subarrays  (locations  [i,k],  [i,k+l],  [i+l,k],  and 

[i+l,k+l])  is  shifted  serially  to  each  subarray  as  the  desired 
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subarray  column  line  is  clocked.  The  selected  column  line  is  used 


as  a  clock  and  the  row  line  as  data  to  provide  the  synchronous 
transfer.  All  subarrays  in  a  given  row  receive  data  on  the  row 
line  simultaneously,  but  only  one  subarray  receives  the  data  and 
an  enabling  clock  at  the  same  time.  All  other  row  and  column  lines 
which  do  not  receive  the  simultaneous  row  and  column  signals  are 
automatically  driven  to  a  'LOW  state.  Since  the  subarray  address 
is  determined  entirely  by  the  row  and  column  combination,  there  is 
no  need  to  set  an  address  on  the  subarray.  This  allows  all 
subarray  chips  to  be  manufactured  identically. 

2 . 3  SUBARRAY  CIRCUITRY 


On  the  subarrays  which  have  not  yet  received  simultaneous 
row  and  column  commands,  the  digital  circuitry  remains  in  a  "wait" 
state  for  a  "Start-Bit"  pattern.  When  the  "Start-Bit"  pattern  is 
received,  a  16  bit  stream  of  data  immediately  follows, 
representing  (in  this  case),  the  phase  state  of  the  four,  four  bit 
phase  shifters  contained  on  that  subarray.  When  the  counter's 
output  is  equal  to  a  specified  number  of  bits  transferred,  the 
shift  register  and  the  counter's  gates  are  disabled.  The  phase 
shift  data  is  transferred  to  the  phase  shifters  only  after  all  of 
the  data  for  all  of  the  subarrays  of  the  array  has  been 
transferred.  A  single  latch  command  which  globally  shifts  all  of 
the  rows  and  columns  high  realizes  the  final  transfer.  It  will 
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receive  no  more  information  until  a  new  "Start-Bit"  pattern  is 
received . 

3 . 0  IMPLEMENTATION  OF  THE  MATRIX-FEED  BSC 

A  hardware  implementation  of  the  Matrix-Feed  BSC  scheme  was 
completed  to  verify  the  speed  with  which  the  scheme  could  update  a 
4096  element  array  consisting  of  1024  subariays  with  4  elements 
each.  A  top  level  diagram  of  a  single  row  of  the  beam  steering 
controller  design  is  shown  in  Figure  2.  This  figure  is  a  block 
diagram  of  the  actual  hardware  implementation  of  the  system 
discussed  in  Figure  1.  Table  1  is  a  quick  reference  table  which 
explains  the  terms  of  the  block  diagram.  Contained  within  the 
dotted  lines  of  figure  2  is  all  of  the  circuitry  used  to  perform 
the  phase  computation  and  distribution  of  phase  state  information 
to  the  individual  subarrays.  This  circuitry  is  contained  on  a 
single  card.  A  photograph  of  this  card  in  the  test  environment  is 
shown  in  Figure  3 . 

The  subsection  in  Figure  2  called  the  "BSC  Array  Chips" 
will  eventually  be  built  in  GaAs .  For  the  hardware  demonstration, 
this  circuitry  was  built  using  off-the-shelf  silicon  components, 
so  they  corid  be  used  to  test  the  controller  and  the  overall 
Matrix-Feed  concept. 
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ure  2  Overall  BSC  B1 


A2-KL  DATA:  I  Azimuth  and  Elevation  Pointlnq  Vector  (Spherical  Coordinates) 
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Table  1  Definition  of  Terms  used  on  BSC  Block  Diagram 


3 . 1  COORDINATE  TRANSFORMATION  CIRCUITS 


The  Coordinate  Transformation  block  shown  in  Figure  2  is 
used  to  transform  the  azimuth  and  elevation  beam  pointing 
information  into  the  coordinate  system  the  controller  is  designed 
to  process  (paragraph  2.2) . 

The  key  component  of  this  section  is  the  Motorola  56001 
digital  signal  processer  (DSP) .  In  addition  to  managing  the 
coordinate  transformation,  this  section  provides  the  interface  to 
a  personal  computer  (PC) .  The  PC  is  used  to  download  DSP 
firmware,  send  the  array  update  command,  and  in  a  test  mode,  read 
data  back  from  the  DSP.  The  DSP  runs  at  20  MHz  and  processes  10 
million  instructions  per  second  (MIPS) .  The  conversion  algorithm 
runs  in  5.5  microseconds. 

The  DSP  algorithm  was  designed  to  meet  the  speed  criteria 
of  the  BSC.  To  do  this,  lookup  tables  were  used  to  store  sine, 
cosine,  and  the  inverses  of  the  squareroots  corresponding  to  a 
known  set  of  input  commands.  The  lookup  tables  were  designed  to 
store  lookup  values  for  any  angle  between  0  and  360  in  0.2  degree 
increments  and  possible  inverse-squareroot  values  accurate  to  11 
bits.  This  set  of  values  can  be  easily  expanded  by  using  more 
memory.  The  DSP  receives  the  azimuth,  elevation,  frequency  hop 
(FHOP)  factor  in  the  form  of  a  pointer  address  that  points 


directly  to  the  memory  location  containing  a  sine,  cosine,  or 
frequency  hopping  factor.  This  is  accomplished  by  passing  integer 
values  representing  1  of  1800  points  around  a  360  degree  circle 
and  an  integer  0-7  for  one  of  8  possible  FHOP  factors  .  The 
algorithm  uses  a  minimal  number  of  instruction  cycles  using  this 
pointer  method. 

3.2  PHASE  COMPUTATION  CIRCUITS 

The  (f /fQ)  TtsinOx  and  (f /fQ)  TtsinOy  data  generated  by  the 

Coordinate  Transformation  section  is  used  to  calculate  the  phase 
state  for  each  element  of  each  subarray  contained  in  a  single  row 
of  subarrays  making  up  the  array.  The  Phase  Computation  section 
(Figure  2)  is  responsible  for  coordinating  the  column  address  with 
its  corresponding  data.  The  output  of  this  section  is  a  parallel 
16  bit  word  describing  the  4  bit  phase  state  of  each  of  the  four 
elements  on  a  4  element  subarray,  as  well  as  parallel  five  bit 
column  address  corresponding  to  the  subarray  for  which  the  data 
was  calculated. 

Figure  4  is  a  data  flow  diagram  depicting  the  digital 
multiplication  which  takes  place  in  the  processing  section.  This 
design  is  a  key  component  to  the  Harris  Beam  Steering  Controller 
which  enables  it  to  complete  the  computations  rapidly. 
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Figure  4  Processing  Section  Multiplier  Daca  Flow  Diagram 


For  the  initial  proof -of-concept ,  the  data  flow  diagram 
shown  in  Figure  4  was  implemented  with  off-the-shelf  full 
multiplier  chips  and  adders.  Many  of  the  carry  functions  of  these 
chips  are  unnecessary.  All  of  the  processing  functions  required 
by  the  total  array  could  be  more  efficiently  implemented  in  a 
single  gate  array  and  one  microprocessor.  This  has  been  proposed 
for  future  developments  of  this  concept . 

3.3  MATRIX  INTERFACE  CIRCUITS 

The  Matrix  Interface  Section  receives  the  16  bit  parallel 
data  word  and  the  eight  bit  address  from  the  Phase  Computation 
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Section  and  converts  the  parallel  data  to  a  serial  data  stream 
which  is  output  to  each  subarray.  Simultaneously  the  address  bits 
activate  the  clock  for  the  column  of  the  array  to  which  the  data 
is  directed. 

The  Matrix  Interface  Section  uses  a  clock  distribution 
circuit  that  is  comprised  of  four  l-of-8  Demux  chips  which 
together  form  a  simple  l-of-32  demux.  The  address  held  in  a  latch 
of  the  processing  section  determines  which  of  the  32  lines  will 
receive  a  clock  signal.  A  signal  is  sent  which  will  circumvent 
the  demux  and  cause  all  32  clocks  to  be  activated  simultaneously 
when  the  array  update  is  complete.  This  final  signal  instructs 
all  of  the  subarrays  to  send  their  data  to  the  phase  shifters 
which  cause  the  direction  of  the  beam  to  change  at  that  instant. 

3.4  MATRIX-FEED  BSC  ARRAY  CHIP 

The  digital  circuitry  which  will  eventually  reside  on  the 
monolithic  substrate  with  the  RF  components  is  referred  to  as  the 
"array  chip" .  The  method  in  which  it  operates  is  critical  to  the 
design  of  the  BSC  system.  Figure  5  shows  the  schematic  diagram  of 
the  array  chip. 

The  Matrix  Interface  transfers  the  calculated  subarray 
phase  shifter  settings  to  each  appropriate  subarray  using  a 
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synchronous  serial  protocol.  In  steady  state  operation,  the 
subarray  circuitry  is  waiting  for  a  designated  "Start-Bit"  pattern 
on  the  Rx  line.  After  the  pattern  is  received,  the  timing  block 
gates  a  data  bit  counter  and  a  serial  to  parallel  shift  register. 
This  allows  all  other  transitions  on  the  column  line  to  clock  the 
data  into  the  shift  register  and  increment  the  count  in  the  data 
bit  counter.  When  the  counter's  output  is  equal  to  a  specified 
number  of  bits  transferred,  the  shift  register  and  the  counter's 
gates  are  disabled.  The  timing  block  then  clears  the  counter  and 
prepares  for  the  next  block  to  be  sent. 

Additional  bits  are  needed  to  provide  for  array 
synchronization  and  subarray  digital  self  test.  These  functions 
can  be  implemented  by  providing  control  bits  prior  to  the  data 
bits  within  a  block  transfer  previously  described.  For  this 
proof-of-concept ,  only  a  latch  bit  was  implemented  (it  is  used  for 
array  synchronization) .  It  is  recommended  that  future  development 
of  this  architecture  include  the  digital  self-test  feature. 

The  latch  bit  will  alert  the  subarray  that  the  block  of 
data  to  be  transferred  represents  either  phase  shifter  data  or 
synchronization  control.  If  it  is  the  synchronization  control, 
the  subarray  will  send  previously  received  data  to  update  the 
phase  shifters  to  their  new  value.  If  the  block  is  phase  shifter 
data,  the  subarray  will  load  the  data  in  preparation  for  transfer 


Figure  5  Matrix-Feed  Approach  Array  Chip  Design  • 

to  the  phase  shifters.  The  two  latch  (more  commonly  referred  to 
as  "dual-ranked")  design  provides  the  means  to  sequentially 
update  columns  of  subarrays,  without  updating  their  phase 
shifters,  and  then  updating  all  of  the  second  latches  of  the 
subarrays,  providing  array  synchronization. 
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As  the  Phase  Computation  section  calculates  phase  settings 
and  distributes  them  to  their  corresponding  phase  shifters 
(through  the  Matrix  Interface) ,  the  subarrays  load  the  transferred 
data  into  a  holding  latch,  or  first  rank  latch.  After  all  of  the 
subarrays  have  been  updated,  the  Matrix  Interface  and  Timing 
sections  will  transmit  a  control  word  to  all  of  the  subarrays, 
thereby  loading  the  DAC  latch  (second  rank)  with  the  data 
contained  in  the  holding  latch  (first  rank)  .  In  this  way  the 
subarrays  columns  can  be  written  sequentially,  while  the  phase 
shifters  are  updated  simultaneously. 

4.0  TEST  RESULTS 

There  are  two  critical  aspects  of  the  beam  steering 
controller  that  needed  to  be  verified  by  the  proof-of-concept 
hardware.  First,  it  was  important  that  the  BSC  be  shown  to  exceed 
an  update  rate  of  20  kHz.  Second  it  was  important  to  establish 
the  accuracy  of  the  system.  Both  the  method  of  testing  and  the 
results  will  be  presented  in  this  section. 

4.1  ARRAY  UPDATE  RATE 

The  update  rate  is  calculated  from  three  processing  tasks: 
the  coordinate  transformation,  the  subarray  phase  calculation,  and 
the  subarray  phase  data  distribution  time.  Figure  6  shows  how 
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these  three  components  contribute  individually  to  the  total  array 


update  time. 
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Figure  6  Contributing  Components  to  the  Array  Update  Time 


The  coordinate  transformation  time  is  the  processing  time 
required  for  the  BSC  digital  signal  processor  (DSP)  to  transform 
the  input  beam  pointing  command  from  azimuth  and  elevation  angles 

to  0JJ  and  0y. 


The  subarray  phase  computation  time  is  the  amount  of  time 
it  talces  the  Phase  Computation  section  to  ta)ce  the  (f /fQ) 7:sin0jj 

and  (f /fQ)  7tsin0y  data,  multiply  them  by  the  appropriate  row  and 
column  number,  truncate  the  unnecessary  bits  to  the  correct  four 
bits,  round  them  to  achieve  the  most  accurate  four  bits,  and 
finally  add  them. 
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The  subarray  data  distribution  time  is  the  amount  of  time 
it  takes  the  Matrix  Interface  section  to  perform  the  following 
tasks  . 

•  Convert  the  16  bit  data  word  from  a  parallel  to  a  serial 
signal 

•  Serially  send  the  signal  to  the  appropriate  subarray 

•  Read  the  five  bit  column  address  from  the  Phase 
Computation  section 

•  Send  the  clock  to  appropriate  subarray 

Figure  7  shows  that  the  Coordinate  Transformation  time  is 
5.5  microseconds.  That  is  the  amount  of  time  between  the  "0" 
marker  (which  is  100  nanoseconds  before  the  rising  edge  of  the 
"HOST  ENABLE"  signal)  and  the  "X"  marker  (which  marks  the  rising 
edge  of  the  "START"  pulse) . 

Figure  8  shows  that  the  Phase  Computation  time  is  240 
nanoseconds.  That  is  the  amount  of  time  between  the  trigger 
(which  is  on  the  rising  edge  of  the  "START"  signal)  and  the  "X" 
marker  (which  marks  the  falling  edge  of  the  "LOAD/SHIFT"  pulse) . 
Figure  9  shows  that  the  Data  Distribution  time  is  1.15 
microseconds.  That  is  the  amount  of  time  between  the  "O"  and  "X" 
markers  (which  mark  the  rising  edges  of  sequential  LOAD/SHIFT 
signals) . 
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Figure  7  The  Coordinate  Transformation  Time  equals  5.5  u  seconds. 


Figure  8  The  Phase  Computation  Time  equals  240  nanoseconds. 
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Figure  9  The  Data  Distribution  Time  Equals  1.15  Microseconds. 

The  total  array  update  time  is  the  sum  of  all  the 
components  (shown  above)  required  to  update  the  entire  array  with 
a  new  set  of  phase  commands  and  issue  the  final  latch  command. 
Figure  10  shows  that  the  Update  time  time  is  43.7  microseconds. 
That  is  the  amount  of  time  between  the  trigger  (which  marlcs  the 
rising  edge  of  the  "START"  pulse)  and  the  "X"  marlcer  (which  marks 
the  rising  edge  of  the  final  latch  pulse  on  the  Array  Chip) . 
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Figure  10  BSC  Update  Time  Equals  43.7  u  seconds 
(Update  rate=22.9  kHz) 

4.2  DATA  ACCURACY 

The  second  characteristic  of  the  BSC  which  was  tested  was 
the  accuracy  of  the  system.  This  was  tested  in  two  ways.  First, 
the  system  was  simulated  so  that  the  results  of  the  digital 
implementation  of  the  BSC  could  be  compared  to  a  more  accurate 
floating  point  computation.  This  determined  the  pointing  accuracy 
of  the  design  as  it  was  implemented.  The  second  test  verified 
that  the  system  actually  yielded  the  expected  results.  A  test 
station  was  built  to  automatically  send  in  an  exhaustive  set  of 
data  points,  read  back  the  results  and  verify  that  the  hardware 
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achieved  the  same  results  as  the  software  simulator.  Using  this 


simulator  the  pointing  space  of  the  array  has  been  thoroughly 
tested  and  found  to  include  no  errors  in  calculation  for  any 
element  of  the  array. 


4.2.1  ACCURACY  ANALYSIS 


Every  point  in  the  pointing  space  of  the  array  has  been 
considered  in  this  analysis.  Each  0^  and  0y  (simulated  as  would 

be  computed  by  the  DSP)  was  compared  to  the  theoretical  0^  and  0y 
The  maximum  error  was  stored  and  printed  in  a  file  as  the  total 
system  was  evaluated.  Two  programs  were  written  which  perform 
this  analysis.  One  program  calculated  the  pointing  error  for 
every  0.2  degree  increment  in  the  Az-El  space.  Since  the  angles 
checked  were  exactly  those  for  which  there  were  sine  and  cosine 
values,  this  error  is  due  only  to  the  resolution  of  the 
squareroot-inverse  tables.  The  second  program  calculated  the 
pointing  error  on  the  odd  angles  (e.g.  0.1,  0.3,  0.5  degrees 
etc.) .  This  error  is  the  worst  case  pointing  error  due  to  both 
lookup  tables.  Table  2  shows  the  results  of  these  programs.  The 
maximum  pointing  error  due  only  to  the  squareroot-inverse  table  i 
0.12  degrees.  The  maximum  pointing  error  due  to  both  tables  is 
0.28  degrees.  However,  this  error  can  be  reduced  to  any  desired 
level  by  increasing  the  size  of  the  lookup  tables.  It  should  be 


noted  that  the  largest  errors  occur  when  the  elevation  is  close  to 
its  extreme.  (The  maximum  elevation  tested  was  60  degrees  from 
zenith.)  Greater  elevations  can  be  accurately  achieved  by 
increasing  the  loolcup  memory. 


THE  LARGEST  POINTING  ERROR  DUE  TO  THE  RESOLUTION  OF  THE 
SQRT  INVERSE  TABLES  IN  THE  PHI-X  DIRECTION  OCCURRED  AT: 


AZ  EL  PHIX  PHIX-T  PHIY  PHIY-T  ACCURX 

358.4  59.8  59.9095  59.7903  -2.7988  -2.7466  [-5 . 115'^  1 


THE  LARGEST  POINTING  ERROR  DUE  TO  THE  RESOLUTION  OF  THE 
SQRT  INVERSE  TABLES  IN  THE  PHI-Y  DIRECTION  OCCURRED  AT: 


AZ  EL  PHIX  PHIX-T  PHIY  PHIY-T  ACCURY 
268.4  59.8  -2.7988  -2.7466  -59.9095  -59. 7903} -0.1192  ] 


THE  LARGEST  POINTING  ERROR  DUE  TO  THE  RESOLUTION  OF  TRIG  & 
SQRT  INVERSE  TABLES  IN  THE  PHI-X  DIRECTION  OCCURRED  AT: 


AZ  EL  PHIX  PHIX-T  PHIY  PHIY-T  ACCURX 

110.9  59.1  -30.5182  -30.7977  57.3304  57.3548  |  -0.2795  \ 


THE  LARGEST  POINTING  ERROR  DUE  TO  THE  RESOLUTION  OF  TRIG  & 
SQRT  INVERSE  TABLES  IN  THE  PHI-Y  DIRECTION  OCCURRED  AT: 


AZ  EL  PHIX  PHIX-T  PHIY  PHIY-T  ACCURY 

20.9  59.1  57.3304  57.3548  30.5182  30.7977  p  0.2795'"| 


Table  2  Pointing  Error  Analysis 


4.2.2  ACCOTIACY  VERIFICATION  TESTS 


A  five  hour  exhaustive  test  was  run  to  determine  if  the 


hardware  was  actually  producing  the  expected  simulated  results. 
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In  this  test  all  combinations  of  azimuth  and  elevation  angles  (in 
one  degree  increments)  were  tested  (21,600  test  points) .  With 
this  procedure  the  pointing  space  of  the  array  has  been  thoroughly 
tested.  No  errors  in  calculation  were  found  for  any  element  of 
the  array. 


> 


m 


5.0  CONCLUSIONS 

A  Matrix-Feed  method  of  controlling  a  monolithic  phased 
array  system  has  been  presented.  It  offers  several  advantages 
over  traditional  approaches. 

•  It  has  a  low  subarray  pin  count  (2  signal  pins  per 
subarray) . 

•  It  has  a  low  number  of  interface  signals  between  the 
controller  board  and  the  subarrays  (64  wires  for  1024 
subarrays) . 

•  It  is  a  low  risk  approach  for  a  monolithic  BSC  design  due 
to  a  simple,  low  gate  count  architecture. 

•  It  provides  a  flexible  architecture  by  providing 
processing  external  to  the  subarrays. 

•  It  provides  array  update  at  rates  faster  than  20  KHz. 

•  It  can  provide  for  self  test  without  additional  subarray 
connect  ions . 

•  It  provides  for  array  synchronization  without  additional 
subarray  connections. 
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•  It  provides  a  design  that  assures  identical  subarrays. 

•  It  provides  a  phased  array  system  concept  that  allows  for 
graceful  degradation,  insuring  higher  reliability  than 
conventional  BSC ' s . 

•  It  provides  for  low  power  and  heat  dissipation  due  to  the 
minimal  number  of  digital  gates  on  the  substrate. 

Hardware  has  been  built  and  tested  which  demonstrates  the 
concept,  and  proves  that  update  rates  of  greater  than  20KHz  are 
achievable  for  a  large  (4096  element)  phased  array.  There  are  now 
a  number  of  efforts  which  are  being  considered  to  make  this  method 
of  control  practical.  First  of  all,  improvements  are  being 
considered  which  will  substantially  reduce  the  size  of  the 
controller.  Size  reduction  can  be  accomplished  through  the  use  of 
a  single  gate  array.  It  has  been  calculated  that,  except  for  the 
DSP  chip  and  associated  EPROMS  and  support  logic,  the  entire 
controller  board  can  be  realized  in  a  gate  array  with  fewer  than 
12,000  gates.  Using  hybrid  packaging  techniques,  the  entire 
controller  area  can  be  reduced  to  less  than  four  square  inches. 

Practical  integration  of  the  digital  and  RF  subarray 
circuitry  must  be  considered  as  well.  HEMT  (High  Electron 
Mobility  Transistor)  technology  is  required  for  the  RF  circuitry 
at  44  GHz,  and  therefore  any  digital  circuitry  which  is  contained 
on  the  same  chip  must  be  realized  using  this  same  technology. 
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There  is  at  least  one  advantage  to  using  HEMT  technology  in 
combining  RF  and  Digital  circuitry  on  the  same  chip,  since  it  has 
been  shown  that  HEMTs  are  much  less  susceptable  to  threshhold 
variation  with  gate  length  than  are  MESFETs  [1] .  High  yield  one 
micron  technology  HEMTs  can  therefore  be  used  for  the  digital 
circuitry,  while  reserving  high  performance  (but  lower  yield)  1/4 
micron  gate  lengths  for  the  RF  circuitry. 

Other  considerations  include  the  logic  family  to  be  used  on 
the  subarray.  If  threshold  voltages  can  be  held  constant,  DCFL 
(Direct  Coupled  FET  Logic)  is  ideal,  due  to  the  small  size  of  the 
circuitry  and  the  low  power  dissipation. 

As  GaAs  chip  yields  improve,  a  point  may  be  reached  where 
the  phased  array  controller  can  be  entirely  integrated  onto  the 
same  chip  as  the  RF  circuitry.  Today  however,  the  Matrix-Feed 
method  offers  a  practical  alternative  which  can  be  put  into  place 
with  current  chip  yields,  and  yet  is  flexible  enough  to  adapt  to 
the  requirements  of  the  future. 
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OMNIDIRECTIONAL  KU-BAND  DATA  LINK  ANTENNA  DESIGN 


F.  Hsu 
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Northrop  Aircraft  Division 
One  Northrop  Ave, 
Hawthorne,  CA  90250 


ABSTRACT 

An  antenna  fabricated  from  a  conventional  Ku-band  rectangular  waveguide 
TE|  Q  mode  feed,  transitioned  into  a  circular  waveguide  for  propagation  is 
described.  The  transition  radius  from  the  rectangular  to  the  circular  waveguide 
was  dimensioned  for  TMq  j  mode  propagation  to  achieve  maxinium  omni¬ 
directional  coverage.  This  design  was  conceived  for  an  aircraft  application, 
and  has  the  following  advantages  over  other  techniques:  1)  greater  power 
handling,  2)  simplicity  of  construction,  3)  ease  of  installation,  and  4)  reliability 
and  maintainability.  The  antenna  makes  use  of  an  impedance  tunable  device  to 
optimize  bandwidth  within  the  required  beamwidth  coverage.  Analytical 
methods  for  predicting  antenna  patterns  are  described  and  compared  with  actual 
measurement  data  taken  on  a  5  foot  diameter  ground  plane  to  simulate  the  air¬ 
craft/antenna  installation.  Finally,  design  modifications  to  achieve  47r  steradian 
coverage  are  also  presented. 
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1.  INTRODUCTION 


Airborne  data  link  system  integration  is  placing  increasingly  severe 
requirements  on  antennas  such  as  providing  (1)  anti- jam,  (2)  surveillance,  (3) 
intra-flight  communication,  (4)  unmanned  airborne  vehicle  for  target 
acquisition,  (5)  narrowband  detection  beyond  a  specified  detection  range 
(normally  SO  nm),  (6)  reliable  communications  up  to  a  specified  range  (normally 
30  nm).  These  requirements  are  mandatory  for  many  airborne  applications 
involving  high  speed  fighter  aircraft. 

The  design  of  an  omni-directional  Ku-band  data  link  aircraft  antenna, 
based  on  simplicity  of  construction  and  ease  of  installation,  is  briefly  described. 
A  conventional  Ku-Band  rectangular  waveguide  (WR-62)  with  TE|  q  mode 
feed,  transitioned  into  a  TMq  j  mode  circular  waveguide  forms  the  basis  of  the 
design  generating  essentially  a  monopole  pattern.  The  results  of  practical 
antenna  measurements  taken  on  a  S  feet  ground  plane  for  VSWR,  radiation 
patterns,  gain  and  power  handling  are  presented.  Theoretical  modeling  of  the 
antenna  performance  installed  on  the  aircraft  is  explained  and  predicted  pattern 
distortion  due  to  airframe  interaction  calculated.  Finally,  design  modifications 
to  achieve  Ar  steradian  pattern  coverage  are  also  presented  for  a  future  special 
program. 

2.  OVERALL  AIRCRAFT  ANTENNA  DESIGN  REQUIREMENTS 

An  aircraft  must  be  designed  to  meet  mechanical,  electrical,  reliability, 
maintainability,  safety,  quality  assurance  (QA),  electromagnetic  compatibility 
(EMC)  performance  requirements  and  cost  effectiveness.  Both  mechanical  and 
aerodynamic  requirements  impose  severe  constraints  in  terms  of  static  and 
dynamic  stress,  size,  shape,  weight  and  a  heavy  burden  for  the  environmental 
control  systems  (ECS). 

Important  electrical  requirements  for  aircraft  antenna  design  are; 
frequency  of  operation,  bandwidth,  beamwidth,  radiation  pattern,  polarization. 
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gain,  VSWR,  power  handling,  and  radar  cross  section  (RCS).  An  electromag¬ 
netic  compatibility  (EMC)  assessment  must  be  performed  for  all  airborne 
antennas  primarily  to  ensure  that  out-of-band  electromagnetic  cross  coupling 
does  not  degrades  system  performance.  Reliability,  maintainability  and  safety 
(RMS),  and  QA  are  important  considerations  also  to  be  observed  during  aircraft 
antenna  installation.  But  perhaps  the  single  most  important  factor  featured  in 
the  antenna  design  described  is  cost  effectiveness. 

3.  ANTENNA  DESIGN 

Several  types  of  antenna  were  considered.  Since  microstrip  lines  are  not 
well  suited  for  high  power  handling  applications,  a  waveguide  type  of  antenna 
was  chosen.  A  conventional  rectangular  waveguide  (WR-62)  and  a  circular 
waveguide  were  used.  Whenever  it  is  desired  to  couple  two  different 
waveguides  together,  either  in  the  same  or  different  modes,  some  type  of 
transition  unit  is  needed.  For  this  application  the  rectangular  waveguide  was 
fed  with  TEj  q  mode.  (See  Figure  1),  and  transitioned  into  the  circular 
waveguide.  The  transition  radius  from  the  rectangular  to  circular  waveguide 
was  dimensioned  for  TMq  j  mode  (see  Figure  2)  propagation  to  achieve 
maximum  omni-directional  pattern  coverage. 


m 


Figure  1:  TEj  q  Mode  Figure  2:  TMq  j  Mode 
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The  radius  of  the  circular  waveguide  was  determined  by  the  standard 
formular  for  the  TMq  j  mode; 

Ac  -  W  (1.1) 

^m,n 

where  A^  is  the  cut-off  wavelength,  a  is  the  radius  of  the  waveguide  and 
Mm  Q  is  the  n  root  of  the  Bessel  equation  JqjCm)  ■■  0.  Evaluating  the  constant 
Mqj  q  for  values  of  m  and  n  equal  to  0  and  1  respectively  we  have  the  result 
that  mq  1  "  2.405^^.  Substituting  this  value  for  the  root  of  the  Bessel  function 
in  equation  (1-1)  enables  the  radius  of  the  circular  waveguide  to  be  calculated 
as  a  function  of  the  required  wavelength. 


2ira 

(1.2) 

2.405 

.383Ag 

(1.3) 

The  primary  impedance  matching  section  was  designed  at  the  end  of  the 
rectangular  waveguide  with  a  movable  short  tuning  block.  This  type  of 
external  tuning  device  is  much  better  and  easier  than  the  matching  window 
method  which  uses  an  iris^^  inside  of  the  waveguide  between  rectangular  and 
circular  waveguide.  The  secondary  impedance  matching  device  uses  a  dielectric 
cap  placed  on  the  output  of  the  circular  waveguide.  This  cap  was  specially 
shaped  with  dielectic  material  to  form  a  radome  and  has  a  dual  purpose  in  that 
1)  it  serves  as  a  weather  shield,  and  2)  provides  a  means  of  impedance  matching 
to  improve  the  radation  pattern.  The  primary  impedance  matching  device  is  a 
movable  tuning  block  shown  in  Figure  3. 

This  type  of  antenna  design  was  conceived  for  an  aircraft  application  and 
has  the  following  advantages  over  other  techniques;  1)  high  power  handling  (as 

lx  -  ’Microwkv*  Tmumiaaion  Dwign  im  [1]  for  details. 

-  'Electrical  Enginaering  Handbook,*  see  |3]  for  details. 
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no  sharp  comers  are  presented  to  cause  corona  or  electrical  breakdown,  2) 
simplicity  of  construction,  3)  ease  of  installation  and  access  and  4)  cost 
effectiveness. 


4.  ANTENNA  TEST 

An  engineering  model  unit  consists  of  a  six  inch  long  rectangular  waveguide 
(WR-62)  with  choke  flange  (UG  541  A/U)  and  a  3  inch  long  circular 
waveguide  with  a  radome.  The  unit  was  fabricated  and  successfully  evaluated 
prior  to  the  fabrication  of  the  production  units.  The  item  weight  amounted  to 
approximately  one  pound  per  unit.  The  impedance  matching  devices  at  the  end 
of  the  rectangular  waveguide  and  at  the  end  of  the  circular  waveguide  were 
used  to  optimize  for  the  best  possible  VSWR  as  shown  in  Figure  4. 
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Figure  4:  Antenna  VSWR 


t-0* 


e-90* 

0-270* 


•••S’ 


loeizxwL 


•mso* 

•ANTENNA  HOUNTID  UNDER 
TNE  FUtEUSE. 

(0,85*  AlOVE  THE  tONFACE) 


Figure  5:  Antenna/ Aircraft  Coordinate  System 

The  test  results  showed  the  VSWR  of  less  than  3:1  within  the  entire 
frequency  of  operation.  The  best  VSWR  for  the  center  frequency  was  1.7  to  1, 
however  a  VSWR  of  1.25  to  1  was  chosen  for  the  transmitting  and  receiving 
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frequencies.  The  VSWR  tests  were  repeated  after  the  impedance  tuning  short 
block  position  was  determined  and  permanently  sealed.  A  pre-production 
antenna  was  fabricated  and  tested  for  VSWR,  power  handling,  radiation  pattern 
and  gain  measurments.  The  production  antennas  were  tested  for  VSWR  only 
prior  to  installation  on  the  aircraft. 

The  antenna  radiation  patterns  measurements  were  conducted  on  a  five  feet 
diameter  ground  plane  to  simulate  the  aircraft  antenna  installation.  The 
antenna  radiation  patterns  were  taken  per  aircraft/antenna  coordinate  system. 
Figure  S,  for  an  elevation  (pitch  cut)  and  azimuth  (conical  cut)  planes 
evaluation  to  verify  the  proper  polarization  on  omnidirectional  coverage. 

A  tctal  of  16  radiation  patterns  including  pitch  cuts,  conical  cuts  (0  =  90° 
to  6  =  140°  with  10°  increments)  and  cross  polarization  cuts  for  both 
transmitting  and  receiving  frequencies,  F-j-  and  Fj^,  are  presented  in  Figure  6 
through  21 . 
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Figure  6 

PcL.  -Vertical 
Freq.-Ft 
Pitch  cut 


Figure  7 

Pol.  -Vertical 
Freq.-Fr 
Pitch  cut 


Figure  8 

Pol,  -Vertical 
Freq.-Ft 

Conic  cut-  Ee=90 


Figure  9 

Pol.  -''ertical 
Fbeq.-Fr 
Conic  cut-  E0=9O 


FIGURE  10 

Pol.  -Vertical 
f^REQ.-FT 

Conic  cut-  Ee=100 


F IGURE  11 

Pol.  -Vertical 
Freq.-Fr 

Conic  cut-  Ee=13C 


Figure  12 

^QL.  -Vertical 
freq.-Ft 

Conic  cut-  Ee=1.10 


!^igure  13 

Pol.  -Vertical 
Freq. -Fr 

Conic  cut-  Ee=110 


Figure  14 

Pol.  -Vertical 
Freq.-Ft 

Conic  cut-  E0=12O° 


Figure  J5 

Pol.  -Vertical 
Freq.-Fr 

Conic  cut-  £6=120 


Figure  16 

Pol.  -\'ertical 
FREQ. -Ft 

Conic  cut-  Ee=130° 


""IGURE  17 

Pol.  -Vertical 
FREQ. -Fr 

Conic  cut-  E0=  ]30 


Figure  18 

Pol.  -Vertical 
Freq.-Ft 
Conic  cut-  E9=140 


Figure  IS 

Fol.  -Vertical 
Frec.-Fr 

Conic  cut-  E0=143 


Figure  20 

Pol.  -Horizontal 
Freq.-Ft 

Conic  cut-  Ee=13C° 


Figure  21 

Pol.  -Horizontal 
Freq.-Fr 

Conic  cut-  E0=13G‘’ 


5.  ANTENNA  TO  AIRFRAME  INTERACTION 


As  the  antenna  tested  was  not  mounted  on  a  full  scale  mock-up  during  the 
antenna  radiation  pattern  measurements  the  aircraft  interaction  from  wings, 
fuselage  and  other  aircraft  structures  was  modeled  with  the  General  Electro¬ 
magnetic  Model  for  the  Analysis  of  Complex  Systems  (GEMACS)  [3].  Resident 
within  the  single  GEMACS  code  are  four  widely  used  and  fairly  general  physics 
formulations  which  give  the  code  extensive  applicability  to  a  large  variety  of 

electromagnetic  problems.  These  physics  formulations  include  (1)  the  method 
of  moments  (MOM)  (low  frequency  model)  which  applies  to  the  analysis  of  an 
aerospace  vehicle’s  interaction  with  EM  phenomena  whose  wavelength  is  large 
compared  to  the  vehcile  resonant  region,  (2)  the  geometrical  theory  of 
diffraction  (GTD)  (high  frequency  model)  for  frequencies  where  the  vehicle  is 
electrically  large,  (3)  and  a  finite  difference  technique  which  allows  fields 
coupled  through  apertures  into  interior  regions  to  be  quantitatively  assessed. 
GEMACS  also  possesses  the  capability  to  hybridize  all  of  the  physics 
formulations  described  above  [4]. 

The  hybrid  MOM/GTD  formulation  of  GEMACS  was  used  to  model  ant¬ 
enna  performance  on  1)  a  five  foot  ground  plane  for  measurement  comparison 
purposes,  and  2)  on  an  actual  aircraft  structure  to  predict  the  airframe 
distortion  effects  of  the  pattern  in  the  lower  hemisphere.  Figure  22  shows  a 
low  frequency  GEMACS  MOM  model  close  to  the  airframe’s  resonant 
frequency  while  Figure  23  shows  how  this  structure,  derived  from  the  low 
frequency  MOM  model,  was  built  with  basic  GTD  elements  which  include 
plates,  cylinders  and  end  caps.  Figures  24  and  25  are  the  results  of  the  ground 
plane  analysis  showing  that  the  GEMACS  simulated  patterns  in  azimuth  and 
elevation  compare  very  closely  to  measured  results.  The  airframe  distortion 
effects  are  presented  in  Figures  26  and  27  which  show  that  the  azimuth  pattern 
shape  is  retained  while  the  elevation  pattern  is  distorted  in  the  third  quadrant 
and  the  null  is  filled  in,  due  to  reflections  and  diffraction  from  the  wings,  tail 
and  local  fuselage  structure. 


Figure  24:  Yaw  Cut  (Ground  Plane) 


Figure  25:  Pitch  Cut  (Ground  Plane) 


Figure  26:  Yaw  Cut  (on  Aircaft) 


Figure  27:  Pitch  Cut  (on  Aircraft) 


6.  SUMMARY  AND  CONCLUSIONS 


It  has  been  demonstated  that  a  relatively  simple  cost  effective,  robust 
antenna  for  data  link  applications  can  readily  be  fabricated  by  transitioning 
from  a  rectangular  to  circular  waveguide  for  efficient  propagation.  Test  results 
and  analysis  show  that  all  electrical  performance  requirements  including 
radiation  patterns,  VSWR,  gain,  bandwidth,  beamwidth  and  high  power 
capabilities  imposed  by  aircraft  applications  can  be  met.  Although  not 
discussed  in  detail  here,  an  EMC  analysis  was  also  performed  to  ensure  that  the 
antenna  installation  did  not  interfere  with  other  aircraft  antennas  or  couple  to 
other  sensitive  avionic  equipments.  Pattern  distortion  due  to  the  aircraft 
installation  was  predicted  by  analytical  means  and  found  not  to  be  significant. 

During  the  antenna  evaluation,  a  precaution  was  taken  in  the  radiation 
pattern  characteristics  to  ensure  that  only  the  TMq  |  mode  radiated.  A  critical 
design  parameter  was  to  make  sure  that  the  diameter  of  the  circular  waveguide 
at  the  transition  corresponded  to  the  cut  off  wavelength  for  TMq  j  mode 
of  operation. 

The  test  results  showed  that  the  antenna  bandwidth  was  12%  within  the 
VSWR  range  of  1.5  to  1.  This  bandwidth  can  be  improved.  An  experimental 
effort  has  been  initiated  to  broaden  the  bandwidth  by  using  double  ridged 
waveguides.  A  design  using  the  TMq  |  and  TEj  j  excitation  modes  of  a 
circular  waveguide  will  provide  hemispherical  pattern  coverage.  The  full 
4x  steradian  can  thus  be  achieved  by  installing  upper  and  lower  antennas  on  the 
aircraft  fuselage. 
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A  RETROSPECTIVE  ON 
ANTENNA  DESIGN  VIA  WAVEGUIDE  MODES 


K.  C.  Kelly 
Radar  Systems  Group 
Hughes  Aircraft  Company 
El  Segundo,  CA 


ABSTRACT 

This  text  presents  a  revisit,  spanning  35  years,  of  a  variety  of  antenna  problems 
which  have  been  solved  with  lesser  used  waveguide  geometries  and/or  lesser  used 
waveguide  modes  in  common  waveguide  geometries.  The  aim  has  been  to  achieve 
rather  natural  solutions  to  the  realization  of  specified  antenna  radiation  patterns, 
polarizations,  or  frequency  band(s)  of  operation  while  also  accomplishing  some 
specified  physical  shape,  interlacing  of  frequency  bands  and/or  polarizations,  or 
fabrication  concept. 

In  particular,  interlaced  multiband  slotted  waveguide  array  antennas,  radial 
waveguide  fed  slot  array  antennas,  conformal  array  antennas  using  conical 
waveguides,  square  multimode  horn  antennas,  and  dual  polarization  slot  array 
antennas  are  described. 

1 .  RECTANGULAR  WAVEGUIDE  MULTIBAND  SLOT  ARRAYS^ 

1 . 1  Slotted  Rectangular  Waveguide  S  and  X  band  Array  -  Because  of  the 
vintage  of  the  writer  we  here  use  the  rectangular  waveguide  nomenclature  and 
geometry  of  Marcuvitz^.  The  inside  dimension  height,  b,  of  rectangular  waveguide 
is  measured  along  the  y  axis  and  the  inside  dimension  waveguide  width,  a,  along 
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the  X  axis. 

Since  S  band  wavelength  is  nominally  three  times  that  of  X  band,  there  is  no 
difliculty  in  causing  a  rectangular  waveguide  to  operate  in  the  TEj  q  mode  for  S 
band  and  the  TE3_o  mode  for  X  band.  The  b  dimension  of  the  waveguide  was  kept 
to  less  than  one  half  a  free  space  wavelength  at  X  band  to  assure  that  only  TEni.o 
modes  would  be  possible  at  X  band.  An  exciter  at  one  end  of  this  small  height 
rectangular  waveguide  launched  the  S  band  energy,  while  another  exciter  launched 
the  X  band  TE3_o.  Both  modes  generate  purely  longitudinal,  z  direction,  current  in 
the  center  of  the  broad  wall.  Thus,  longitudinal  S  band  slots  half  waveguide 
wavelength  spaced  along  that  center  line  of  the  broad  wall  will  not  radiate  either  S 
band  or  X  band  energy  since  those  longitudinal  slots  cut  no  wall  currents.  The  S 
band  slots  are  then  probe  excited  by  placing  probes  on  the  lines  x=a/3  and  2»a/3 
along  which  lines  the  electric  fields  for  the  X  band  TE3,o  are  always  zero.  The 
probes  do  not  affect  the  X  band  energy.  Tapering  of  u.c  excitation  of  the  S  band 
linear  array  is  achieved  by  VcU'ying  the  probe  length  according  to  position  along  the 
S  band  array. 

Now,  broad  wall  X  band  slots  whose  centers  lie  on  the  lines  x=a/3  and  2»a/3 
will  not  couple  to  the  X  band  energy  if  they  are  transverse  slots,  parallel  to  the  x 
direction.  Pairs  of  such  slots  may  be  spaced  a  half  wavelength  at  the  X  band  fre¬ 
quency  and  are  made  to  radiate  the  desired  amount  of  X  band  energy  by  rotating 
the  X  band  slots  a  few  degrees  from  being  purely  transverse.  The  directions  of 
rotation  are  chosen  to  cause  the  radiation  from  all  X  band  slots  to  be  in  phase.  The 
X  band  slots  do  not  coupl.-  to  S  band  energy  because  they  are  too  far  below 
resonant  length  for  the  S  band  energy. 

Once  excited  by  the  TE3,omode,  the  X  band  slots  scatter  energy  which  couples 
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to  the  THi  o  mode.  Because  all  of  the  X  band  slots  are  in  phase  but  only  half 
wave-length  spaced  at  X  band,  there  is  no  reinforcement  of  coupling  to  the 
longitudinal  top  wall  currents  of  the  1 ,0  mode.  The  directions  of  the  X  band  slot 
rotations,  however,  is  such  that  reinforced  coupling  to  the  transverse  currents  of  the 
unwanted  TEi,o  is  produced  and  that  energy  would  couple  to  the  S  band  slots 
which  are  three  half  wavelengths  at  X  band.  Because  of  this,  X  band  TEi,omode 
suppressors  were  built  into  the  bottom  broad  wall  of  the  waveguide. 

This  design  approach  to  a  dual  frequency  band  linear  array  produces  broadside 
S  and  X  band  beams  which  are  orthogonally  polarized  to  each  other. 

1.2  Copolarized  X  and  K  Banc  Rectangular  Waveguide  Array  -  A  K  band 
array  has  been  integrated  into  a  standard  offset  longitudinal  shunt  slots  X  band 
array  in  the  following  way.  The  TMi,i  rectangular  waveguide  mode  has  field  com¬ 
ponents  such  that  there  are  only  longitudinal  currents  in  the  broad  walls,  associated 
with  there  being  only  at  those  wall.  That  being  so,  coupled  with  the  fact  that 
normal  X  band  waveguides  support  the  TMi,i  at  K  band,  allows  the  simple  step  of 
adding  K  band  TMij  mode  exciters  to  an  X  band  array  and  cutting  pairs  of  K  band 
series  slots  through  the  broad  wall  to  achieve  copolarized  broadside  beams  at  both 
X  and  K  band.  The  X  band  slots  do  not  couple  to  the  K  band  energy  because  the  X 
band  slots  are  parallel  to  the  K  band  wall  currents  and  thus  do  not  cut  any. 

Again,  consideration  must  be  given  to  other  higher  order  modes  generated  by 
the  existence  of  the  excited  K  band  slots.  Of  the  several  possible  modes  which 
propagate  in  this  waveguide  that  supports  the  TMi.i,  it  can  be  shown  that  only  the 
TFo.i  is  excited,  posing  a  potential  problem.  Fortunately,  that  mode  is  completely 
suppressed  by  inserting  wires  parallel  to  the  x  axis  trom  narrow  wall  to  narrow 
wall,  at  y=b/2.  Those  wires  have  absolutely  no  effect  upon  the  X  band  1,0  mode 
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or  the  K  band  1 , 1  mode. 

Investigators  have  demonstrated  other  types  of  multiple  frequency  band  slotted 
waveguide  antennas.  The  two  types  mentioned  here  are  simply  illustrative  of  the 
concept  for  which  there  are  innumerable  solutions. 

2 .  RADIAL  WAVEGUIDE  FED  SLOT  RADIATOR  ANTENNAS 

The  attractiveness  of  the  radial  waveguide^  as  the  basis  for  slot  array  antennas 
lies  in  two  facts.  First,  regardless  of  the  size  of  the  antenna,  the  feeding  of  the 
radial  wave-guide  remains  the  same  simple  center  point  feed.  Next,  the  top  plate  of 
the  radial  waveguide  is  readily  accessible  for  punching  or  etching  all  slots  at  once. 
The  down  side  is  that  the  single  center  point  feed  is  incompatible  with  the  idea  of 
corporate  feeding  to  increase  the  antenna's  useful  frequency  bandwidth. 

2.1  Antennas  Using  Lowest  Order  Radial  Waveguide  Mode  -  The  dominant 
radial  waveguide  mode  is  a  TEM  and  has  simple  E  and  H  field  configurations. 
Adopting  an  rtjiz  coordinate  system  in  which  propagation  is  in  the  r  direction,  <j)  is 
the  angular  azimuthal  fiosition,  and  z  is  the  vertical  direction  perpendicular  to  the 
parallel  plates,  the  inner  surface  of  one  plate  is  z=0  while  the  inner  surface  of  the 
second  plate  is  z=constant.  Then,  the  only  field  components  will  be  E^  and  H<j, . 

The  currents  induced  in  the  plates  are  purely  radial,  resulting  from  the  cross  product 
of  and  z-directed  normals  to  the  plates. 

2.1.1  Linear  polarization  at  the  peak  of  a  broadside  pencil  beam  results 
when  a  set  of  half  wavelength  long  slots  perpendicular  to  radii  are  cut  along  a 
circular  arc  of  1 80°,  and  a  second  set  of  similar  slots  cut  in  the  remaining  180°  but  at 
a  radius  one  half  wavelength  different.  Radial  waveguides  produce  radial 
propagation  whose  phase  and  amplitude  are  described  by  the  Hankel  functions,  so 
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the  meaning  of  "half  wavelength"  is  not  simply  c/f,  the  velocity  of  light  divided  by 
the  frequency. 

Concentric  half  rings  of  slots  can  be  arrayed  to  fill  the  aperture  for  higher 
directivity  designs.  The  linear  polarization  will  be  in  the  plane  that  bisects  the  180° 
sector  groups  of  half  wavelength  slots.  Clearly,  the  slots  at  the  ends  of  the  180° 
sectors  contribute  only  undesired  cross  polarization.  Tests  showed  an  overall 
improvement  in  the  desired  polarization's  radiation  patterns  and  a  reduction  of  cross 
polarized  lobes  when  the  individual  slots  forming  the  180°  sectors  were  all  rotated 
to  45°  relative  to  its  radial  line  with  the  sign  of  the  45°  being  controlled  by 
quadrants. 

2.1.2  Circularly  polarized  pencil  beam  peaks  were  obtained  by  using 
circular  hole  radiators  instead  of  slots.  The  holes  are  closely  spaced  and  their 
centers  lie  along  a  single  turn  or  multitum  spiral'*  of  one  wavelength  pitch.  One 
wavelength  is  defined  by  the  length  for  360°  in  phase  for  the  Hankel  function 
between  the  start  radius  and  finish  radius  for  a  complete  turn  of  the  spiral(s).  The 
radial  waveguide  must  be  terminated  in  a  matched  load. 

2.2  Antennas  Using  Higher  Order  Radial  Waveguide  Models)^  -  A  radial 
waveguide  with  a  full  circle  of  round  hole  or  crossed  slot  radiating  elements  would 
produce  pure  linear  polarization  if  purely  radial  currents  in  the  plates  had  a  cos  <(> 
dependence  in  amplitude,  while  purely  circumferential  currents  at  the  same  radius 
were  controlled  by  sin  (|>. 

2.2.1  The  standing  wave  Ej  o  radial  waveguide  mode  produces  equal 
amplitude  4  and  4  currents  at  discrete  radii  in  the  top  and  bottom  plates,  further¬ 
more,  the  currents  have  the  cos  <t>  and  sin  amplitude  variations  for  the  r-directed 
and  the  0-direcied  currents.  Thus,  at  those  discrete  radii  the  net  current  is  every- 
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where  parallel  to  a  single  plane.  In  tests  of  the  principle  using  crossed  slots  equally 
spaced  around  a  circle  of  the  proper  radius,  experimental  units  displayed  measured 
cross  polarization  levels  as  good  as  34  db  below  the  peak  of  the  beam  for  the 
desired  linear  polarization. 

At  other  than  a  set  of  specific  radii,  the  standing  wave  Ei,o  radial  waveguide 
mode's  If  is  much  larger  than  the  azimuthal  current,  I,),.  When  the  mode  is 
operating  as  a  travelling  wave,  the  Ir  is  dominant  at  all  radii.  Because  of  that  fact,  it 
is  not  possible  to  build  an  Ei,o  mode  radial  waveguide  fed  array  of  several 
concentric  radiators,  have  the  radial  waveguide  matched  looking  into  the  radial 
waveguide  from  a  feed  located  at  the  center,  and  have  pure  linear  polarization,  all  at 
the  same  time.  A  high  degree  of  linear  polarization  purity  was  demonstrated  with 
an  array  of  five  concentric  rings  of  radiators,  however,  by  using  radiators  that 
coupled  to  the  mode  very  lightly,  resulting  in  a  large  mismatch  being  presented  to 
the  feed  point. 

The  Ei.o  radial  waveguide  mode  is  readily  excited  by  simply  making  a  tee  joint 
between  a  circular  waveguide,  operating  in  the  dominant  TEij  circular  waveguide 
mode,  at  the  center  of  the  lower  plate  of  the  radial  waveguide.  The  spacing  of  the 
plates  must  be  well  below  one  half  a  free  space  wavelength  to  assure  that  only  the 
Ei,o  radial  waveguide  mode  is  launched. 

2.2.2  It  has  been  analyzed  and  demonstrated  that  pure  traveling  wave  Ei.i 
and  Hi,i  radial  waveguide  modes  may  be  excited  in  a  single  radial  waveguide  in 
such  a  manner  as  to  produce  Ir*cos  (j)  and  l,j,»sin  <()  at  all  radii.  An  array  of  any 
number  of  rings  of  radiating  elements,  and  matched  looking  into  the  radial 
waveguide,  can  produce  pure  linear  polarization  when  the  1,1  radial  waveguide 
mode  pair  is  used.  Launching  the  1,1  mode  pair  is  considerably  more  difficult  than 
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launching  either  the  0,0  or  the  1 ,0  E-type  radial  waveguide  modes. 

2 . 3  Polarization  Options  With  Radial  Wavecuide  Fed  Arrays  -  The  linearly 
polarized  radial  waveguide  fed  arrays,  described  above,  which  use  the  Ei,o  or  com¬ 
bined  Ei,i/Hij  radial  waveguide  modes  will  produce  circular  polarization  by 
simply  placing  a  circular  polarizer  into  the  input  waveguide.  For  example,  a  quarter 
wave  plate  or  other  circular  polarizer  inserted  into  the  dominant  mode  circular 
waveguide  that  launched  the  Ei,o  radial  waveguide  mode  makes  the  standing  wave 
antenna’s  beam  circularly  polarized.  Similarly,  if  instead  of  a  circular  polarizer  an 
orthomode  junction  is  attached  to  the  TEij  circular  waveguide,  one  then  gets  two 
coincident  beams  made  independent  by  orthogonality  of  their  linear  polarizations. 
Connecting  those  two  ports  from  the  orthomode  junction  to  a  network  containing  a 
power  divider  and  a  phase  shifter  enables  the  antenna  to  select  any  arbitrary 
polarization  characteristic  for  the  main  beam  of  the  antenna. 

2.4  Monopulse  Antenna  Excited  Bv  Radial  Waveguide  -  The  Hqj  radial 
waveguide  mode  has  just  one  electric  field  component,  namely  E^.  That  means  that 
the  electric  field  lines  close  on  themselves,  forming  circles  around  the  z  axis.  It 
follows,  then,  that  slicing  that  radial  waveguide  with  conducting  planes  containing 
the  z  axis  will  not  affect  the  mode  since  the  electric  field  is  always  perpendicular  to 
those  conducting  planes. 

Two  conducting  sheets  were  placed  in  an  Ho.i  radial  waveguide  at  right  angles 
to  each  other  to  create  four  90°  sectoral  regions.  A  single  slot,  parallel  to  the  z  axis, 
at  the  vertex  of  each  90°  sector  provided  independent  excitation  for  each  sector. 
Radiating  slots  were  cut  in  the  top  plate  for  each  quadrant.  When  the  four  mode 
excitation  slots,  one  in  each  quadrant,  were  connected  to  a  Z  and  A  network  below 
the  bottom  plate,  a  light  weight  flat  plate  monopulse  antenna  was  produced. 
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In  all  of  the  radial  waveguide  fed  antennas  discussed  thus  far,  is  had  not  been 
mentioned  that  arrays  of  concentric  rings  of  radiators,  quasi-annular  slots,  are 
spaced  a  full  waveguide  wavelength  apart.  That  full  wavelength  spacing  is  used 
because  there  is,  for  radial  waveguide  fed  arrays,  no  equivalent  phase  reversal 
mechanism  such  as  that  which  allows  half  waveguide  wavelength  spaced  slots  in 
antennas  fed  by  rectangular  waveguides.  In  order  to  achieve  aperture  filling  with 
the  monopulse  antenna  discussed  in  this  section,  the  rings  were  spaced  only  one 
half  wavelength  apart  but  the  innermost  ring  of  slots  were  all  shorter  than  resonant 
length.  The  next  ring  had  slots  longer  than  resonant.  The  third  ring,  again  shorter 
than  resonant,  etc.  By  this  means,  instead  of  having  the  phase  of  successive  rings 
alternate  0,7t,0,Ji  producing  considerable  destructive  interference,  a  much  more 
benign  -7c/4,+7c/4,-ji/4,+7i/4  phasing  was  achieved. 

Again,  it  needs  to  be  stated  that  in  discussing  radial  waveguide  transmission 
lines  here,  the  term  "wavelength"  is  being  used  without  repeatedly  stating  that  radial 
waveguide  "wavelength"  is  a  function  of  position  along  the  transmission  direction 
because  of  the  Hankel  function's  characteristics. 

3 .  CONICAL  CONFORMAL  SLOT  ARRAY 

The  conical  waveguide^  is  suggestive  of  the  shape  of  the  nose  of  high  speed 
aircraft  or  missiles.  A  thin  walled  40  degrees  total  angle  conical  shell,  02=20°,  and 
an  inner  cone  of  total  angle  20  degrees,  0i=lO°,  were  combined  to  form  a  conical 
waveguide.  Furthermore,  the  inner  cone  was  coated  with  paraffin  wax  finished  so 
as  to  have  the  wax’s  surface  at  0inner=13°.  Similarly,  the  inner  surface  of  the  outer 
cone  had  a  wax  sleeve  with  the  surface  of  the  wax  at  0outer=17°. 

At  the  common  vertices,  a  coaxial  line  excited  the  dominant  TEM  wave  in  the 
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conical  waveguide.  Half  wavelength  long  slots  cut  in  the  outer  conical  shell  were 
arranged  in  180°  circular  arcs  on  one  half  of  the  cone  and  spaced  to  create  a  forward 
looking  pencil  beam  on  the  axis  of  the  outer  cone  when  both  the  inner  cone  and  the 
outer  cone  were  coaxial.  A  similar  set  of  slotted  180°  arcs  on  the  other  half  of  the 
cone  are  positioned  to  reinforce  the  peak  of  the  beam  produced  by  the  first  set. 
When  the  inner  cone's  axis  was  moved  off  of  the  outer  con's  axis,  keeping  the  cone 
vertices  coincident,  the  beam  is  scanned  off  of  the  outer  cone's  axis. 

This  lowest  order  mode  approach  to  the  use  of  the  conical  waveguide  has  the 
same  strong  generation  of  cross  polarized  fields  for  the  same  reason  as  given  in 
section  2.1.1  above.  Though  it  might  be  possible  to  reduce  the  cross  polarized 
fields  by  the  use  of  higher  order  conical  waveguide  modes,  no  attempt  was  made. 

4.  EQUALIZING  E- AND  H-PLANE  BEA  VIDTHS  OF  SQUARE  HORNS 

4. 1  General  -  The  square  pyramidal  horn  has  been  a  popular  antenna,  and 
also  a  widely  used  type  of  feed  for  both  focal  point  fed  and  Cassegrain  type 
reflector  antennas.  Though  the  square  horn  will  handle  any  type  of  polarization,  it 
is  useful  to  discuss  only  one  linearly  polarized  component  being  present  and  parallel 
to  two  opposite  walls.  Excited  with  only  the  TEj.o  mode  and  built  with  a  small 
flare  angle,  the  square  horn  produces  the  well  known  -13  dB  sidelobes  in  the  E- 
plane,  -23  dB  sidelobes  in  the  H-plane,  and  an  E/H  3  dB  beamwidth  ratio  of 
0.73:1. 

For  decades  the  E-  and  H-plane  differences  have  been  practically  eliminated  by 
adding  the  proper  ratio  and  phase  of  both  the  TEi,2  and  TMi_2  modes  to  the 
dominant  TEj  o  mode  in  the  square  horn.  A  very  common  method  of  achieving  the 
desired  result  is  illustrated  and  described  in  Johnson  and  Jasik^.  An  enlarging  step 
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in  the  cross  sectional  dimensions  of  the  square  waveguide  leading  to  the  horn 
throat  generates  the  1 ,2  modes,  and  a  following  straight  section  continues  for  the 
purpose  of  phasing  those  modes  relative  to  the  1,0  mode.  The  length  of  that 
phasing  section  can  be  quite  long  and  make  it  impossible  to  package  a  feed  in  the 
space  available. 

4.2  A  "Zero  Length"  TEi  ^/TMi  7  Launcher/Phaser  -  The  original  40  KW  CW 
feeds  for  the  30'  diameter  Unified  S-band  Cassegrain  earth  station  antennas,  used 
to  support  the  Apollo  man-on-the-moon  missions,  were  switchable  RHCP/LHCP 
monopulse  feeds.  Packaging  two  monopulse  networks  formed  of  S-Band 
waveguide,  plus  incorporating  three  large  high  reliability  S-Band  waveguide 
switches  left  no  room  for  a  conventional  1,0/1 ,2  nxxie  phasing  section. 

In  a  square  waveguide  a  magnetic  line  source  which  is  transverse  and  full  width 
in  the  top  wall,  plus  an  identical  in-phase  magnetic  line  source  in  the  bottom  wall, 
will  together  scatter  only  the  l,n  modes.  Because  both  magnetic  line  sources  are  in 
phase  (but  the  direction  of  their  E  field  vectors  are  oppositely  directed)  only  even  n 
numbers  can  result.  If  those  line  sources  are  located  in  a  square  waveguide  that 
suppons  only  modes  lower  than  n=4,  one  is  assured  of  having  only  the  TEi,o  and 
TEi,2/TMi,2  modes. 

Implementation  of  this  concept  was  achieved  with  an  a  x  a  square  waveguide 
by  interrupting  all  four  walls  (to  handle  both  polarizations)  of  the  square 
waveguide.  The  interruptions  were  made  by  waveguides  of  width  a  and  height  b, 
where  b«a,  making  tee  junctions  with  the  square  waveguide.  The  incident  TEi,o 
longitudinal  currents  are  interrupted  by  the  waveguides  stubbed  into  the  square 
waveguide  and  the  stubs  are  thus  excited,  creating  magnetic  line  sources  in  the 
square  waveguide's  walls.  The  discontinuity  at  the  mouth  of  the  stub  waveguides 
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and  the  length,  C,  of  the  stubs  are  adjusted  to  create  resonant  cavities.  Adjustments 
of  b,  t,  and  sometimes  the  placement  of  small  inductive  irises  at  the  mouth  of  in  the 
stub  waveguides,  give  the  needed  control  for  adjusting  the  amplitude  and  phase  of 
the  1,2  modes  relative  to  the  1,0  mode.  The  H-plane  patterns  are  unaffected  by  the 
1,2  modes. 

E-plane  patterns  matching  the  H-plane  patterns  were  obtained  for  the  Unified  S- 
Band  feeds  for  the  30'  Cassegrain  antennas  which  were  positioned  around  the 
globe  for  communicating  with  Apollo  spacecraft  when  in  earth  orbit. 

5 .  RECTANGULAR  WAVEGUIDE  DUAL  POLARIZATION  FLAT  PLATE^  ^ 

An  effort  was  initiated  to  find  a  dual  polarization  flat  plate  antenna  of  the  slotted 
rectangular  waveguide  type  that  would  have  a  rennovable  top  plate  that  would  permit 
punching  or  etching  all  slots  at  one  time.  One  solution  to  that  specification  is  based 
on  the  use  of  the  rectangular  waveguide  mode  of  the  standard  TEi^o  type  but  with 
the  subscript  index  "1"  replaced  by  a  large  number.  In  the  initial  design  and 
experiments,  the  figure  "10"  was  used  and  thus  a  TEio.o  waveguide  was 
constructed,  ten  times  as  wide  as  a  standard  TEi,o  rectangular  waveguide  but  of 
height  no  greater  than  for  standard  waveguide. 

Looking  at  the  TEio.o  mode  in  an  E-plane  view  one  sees  the  E  field  of  ten 
narrow- wall-to-narrow- wall  TEi,o  waveguides  which  have  been  alternately  fed 
with  phase  0  or  7t  radians  and  all  the  narrow  walls  removed  except  for  the  outboard 
narrow  walls  of  the  first  and  last  TEi.o  waveguides. 

Exciters  at  both  ends  of  a  10*XJ'J2  length  of  TEio.o  waveguide,  each  exciter 
consisting  of  ten  slots  in  the  plane  y=h/2  and  phased  alternately  0  and  7C,  are  used  to 
launch  the  TEio.o  mode.  That  mode  propagates  in  the  z  axis  direction.  Ten  other 
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exciter  slots  are  cut  through  each  of  the  narrow  side  walls  of  that  z-axis-direction 
propagating  TEio.o  to  launch  a  second  TEio.o  mode,  this  time  in  the  x  axis 
direction.  These  two  orthogonal  TEio.o  modes  will  hereafter  be  referred  to  as  the 
zTEio.o  and  xTEio.o  modes,  both  propagating  in  a  10»\o/^2  square  cavity-like 
region.  It  can  be  shown  that  in  a  lossless  system  the  two  modes  are  orthogonal  in 
every  sense  and  thus  do  not  couple  to  each  other.  Furthermore,  the  exciter  slots  for 
each  mode  are  invisible  to  each  other. 

The  exciter  network  for  the  zTEio.o  has  its  own  input  port  and  is  completely 
independent  of  a  second  similar  port  for  the  xTEio.o  that  has  its  own  network. 
Next,  it  will  be  explained  that  a  set  of  offset  longitudinal  shunt  slots  parallel  to  the  z 
axis  can  be  positioned  so  as  to  couple  to  the  zTEio.o  exclusively,  and  similarly  for  a 
second  set  of  longitudinal  shunt  slots  parallel  to  the  x  axis  coupling  to  the  xTEio.o 
exclusively. 

The  exclusivity  of  coupling  with  either  set  of  slots  is  a  re‘'ult  of  the  fact  that  the 
slots  which  couple  to  one  of  the  two  modes  have  their  center  points  precisely  on  the 
virtual  wall,  the  plane  of  zero  E  field,  of  the  other  mode.  There  is  only  one  com¬ 
ponent  of  H  field  at  all  virtual  walls  and  that  component  is  parallel  to  the  virtual 
wall.  Thus,  the  only  current  component  in  the  slotted  top  wall  at  the  center  of  the 
slots  for  coupling  to  the  first  mode,  are  absolutely  parallel  to  the  currents  excited  by 
in  the  top  wall  by  the  second  mode  and  vice  versa.  Slots  are  not  excited  by  wall 
current  parallel  to  themselves  or  H  fields  perpendicular  to  themselves. 

As  mentioned  above,  there  is  one  input  port  of  this  antenna  which  is  associated 
with  the  radiating  slots  parallel  to  one  axis,  and  another  port  associated  with  the 
orthogonal  radiating  slots.  The  two  ports  may  be  used  to  provide  two  independent 
coincident  pencil  beams  in  orthogonal  linear  polarizations,  or  the  ports  may  be 
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combined  via  a  3  dB  quadrature  coupler  to  produce  coincident  independent  RHCP 
and  LHCP  beams,  etc. 

A  unit  constructed  to  operate  over  a  band  centered  at  12.5  Ghz  was  built 
employing  the  x  and  y  TE20.0  modes.  This  uniform  aperture  illumination  design 
achieved  a  measured  peak  aperture  efficiency  of  88%  and  an  efficiency  of  not  less 
that  77%  over  a  4%  total  bandwidth,  including  feed  networks  losses. 
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Th«  proposed  antenna  Is  a  special  type  of  Multi- 

Beam  Antenia  (MBA)  Such  antennas  are  of  course  well 

1 

k  n  own  In  the  literature  The  unique  feature  of  this 

particular  antenna  Is  that  beam  scanning  is  achieved 
within  the  confines  of  a  single  horn  The  additional 

advantages  of  compactness  and  high  gain  are  clearly 
evident  In  this  design. 

The  antenna  described  is  a  compact  quad-rldged 
Horn.  Each  ridge  In  the  horn  is  fed  separately  at 
four  orthogonal  Inputs  to  a  square  waveguide 

By  means  of  an  R.F.  network  consisting  of  a  number 
of  180  degrees  Hybrids  and  delay  lines,  the  beam  of 
the  horn  can  be  switched  in  azimuth  over  110  degrees. 
The  nominal  gain  of  the  Horn  Is  more  than  8  dBI.  The 
aperture  site  la  about  06  x  06  wavelengths  at  the 
low  end  of  the  band.  The  length  of  the  antenna  is 

leas  than  three  quarter  of  a  wavelength  at  the  low 
and  The  antenna  Is  extremely  rugged  and  Is  designed 
to  operate  under  severe  environmental  conditions. 
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1  Dpsc'lptidri  of  Antenna 

2  .  ■? 

A  sketch  of  tt>p  quad-rldged  horn  is  shown  in 

Fig  I  A  square  waveguide  with  four  orthogonal 

Inputs  provides  a  launcher  lor  the  compact  horn  Ttie 

h  fj  r  n  is  mo  u  n  t  e  d  diagonally  as  s  h  ov-ui  schematically  in 
Fig  2  I  his  is  necessary  to  provide  two  phase 

centers  in  ttie  tiorijontal  plane  rerjuired  for  steering 
the  beam  The  summation  matrix  together  with  the 
switching  arrangement  are  also  shown  in  Fig  2 

F  r  orn  ttie  vector  diagrarn  of  Fig  3  It  is  observed 
that  the  output  ports  of  the  18 't  degrees  tivbrids  "A" 
and  ”0"  yield  vertical  and  horizontal  polarisations 
It  Is  also  clear  that  eacti  pair  of  vertical  and 
horizontal  polarisations  are  out  of  phase  Direct 
5  u  mm  atlon  of  these  outputs  via  a  second  set  of 

180  degrees  hybrids  provides  vertical  and  tiorlzontal 
polarisations  at  output  "X”  and  "Y"  respectively 

Switching  of  the  beam  In  azimuth  Is  attained  by 

means  of  ttie  four  transfer  switches  and  suitable 
delay  I  I  n  e  s 

Eacti  polarisation  can  be  steered  to  the  left  or 
right  by  switching  In  a  suitable  delay  line  The 

arrangement  In  Fig  2  Is  tor  a  tliree  beam  antenna 

However  more  beams  are  possible  wl  th  a  more  complex 
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FIG. 2 

CONFIGURATION  NO.  1 


BLOCK  DIAGRAM  OF  FCED  MATRIX 


VECTOR  DIAGRAM  FOR  FEED  MATRIX 


A 

B 
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D 


3  +  4 


3  - ;  f 


HORIZONTAL  POLARISATION 
VERTICAL  POLARISATION 
HORIZONTAL  POLARISATION 
VERTICAL  POLARISATION 


A 
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HORIZONTAL  POLARISATION 
VERTICAL  POLARISATION 


FIG.  NO.  3 


(RIGHT) 

(DOWN) 
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(U»') 

(RIGHT) 

(DOWN) 
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feed  rp  a  t  . 


An  aicrnaflve  arrangement  tor  fhis  horn  as  shown 
In  Fig  ^  yields  a  steerable  circularly  polarised 
horn 

The  present  design  operates  over  an  octave 
bandwidth  An  antenna  with  a  wider  bar>dwidth  is  at 

present  being  designed 

2  0  Modal  Analysis 

A  modal  analysis  has  been  made  on  this  horn,  the 
mathematical  details  of  which  will  not  be  presented  in 
this  paper  H  owe  ver,  the  results  of  the  analysis  s  how 
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t IG.  NO.  4 
CONFIGURATION  NO.  2 
BLOCK  DIAGRAM  OF  FEED  MATRIX 
FOR  CIRCULAR  POLARISED  MODEL 
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CONFIGURATION  NO. 


2F  MHz 


most  of  t  hind  the  v/SWR  is  better  than  2  1 

3  2  Gain 

Tfie  swept  gain  of  the  antenna  tor  both  Vertical 
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A  later  model  of  this  antenna  has  the  switches  for 
horizontal  polarisation  removed  No  sigitificant 
dea''adat  1  on  In  performance  was  observed 
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i  CONFIGURATION  NO.  1 
'  AZIMUTH  radiation  PATTIRN 
POLARISATION  -  HORIZONTAL 


FRF  QUINCY: 


FIG.  HO.  10 


CONFrGURATION  NO.  1 
AZIMUTH  RADIATION  PATTERN 
POLARISATION  -  VERTICAL 
FREQUENCY  :  F^ 


CONFIGURATION  NO 


2F1  MHz 


GAIN  VERSUS  POURISATION 


band  ,2  in  the  poor  a:<lal  ratio  This  could  be 

improvsd  ..  ;tn  a  larger  feed  adaptor 

50  Alternative  Feeding  Arrangement 

51  Feed  Matrix 

An  alternative  feed  matrix  was  designed  and  Is 
shown  In  Fig  17  The  new  arrangement  known  as 
Conflgti  ration  3  has  the  advantage  that  no  delay  lines 
arc  required  This  arrangement  is  facilitated  by  the 

fact  that  each  ridge  of  the  guide  when  fed  separately 
tends  to  squint  off  Center 

52  VSWn  and  Gain 

The  V6WR  and  gain  of  Configuration  3  Is  basically 
Identical  to  Configuration  t  and  hence  is  not  shown 

separ  a  te I y 

5.3  Radiation  Pat  terns 
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A  quad-fed  quad-rldged  dual  polarised  horn  has 
bean  described.  The  horn  operates  over  an  octave 
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CONI  IGIIPATIOH  NO.  1 

BLOCK  DIAGRAM  Of  FFFO  MATRIX 
FIG.  NO.  17 
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CONFIGURATION  NO.  3 
AZIHUTH  RADIATION  PATTERN 
POLARISATION  -  VERTICAL 
FREQUENCY:  F, 
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MULTI-OCTAVE  MICROSTRIP  ANTENNAS 
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ABSTRACT 

The  microstrip  equi-angular  spiral  antenna  has  been  previously  demon¬ 
strated  by  the  present  authors  to  provide  a  gain  enhancement  bandwidth  of 
more  than  5:1  when  compared  with  the  conventional  absorber-loaded 
cavity-backed  spiral.  In  this  paper,  the  Archimedean  spiral  microstrip  antenna  is 
demonstrated  to  have  similar  performance.  As  with  cavity-backed  antennas, 
these  antennas  lose  efficiency  at  the  lower  frequencies.  The  gain  performance  is 
thus  investigated  as  a  function  of  the  substrate  thickness,  edge  loading  tech¬ 
niques,  and  dielectric  constant  of  the  substrate. 
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1.  INTRODUCTION 

Many  applications  require  antennas  to  be  low-profile  or  even  flush- 
mounted  to  a  smooth  conducting  surface.  Aircraft  and  missiles  are  most  notable 
in  this  respect,  due  to  aerodynamic  requirements.  Further  advantages  of 
low-profile  installations  include  their  low  cross-section  presented  to  radar  and 
even  to  birds.  The  microstrip  antenna  1  is  generally  the  antenna  of  choice  for 
such  applications  and  has  been  widely  used.  However,  existing  microstrip  anten¬ 
nas  are  limited  to  a  very  narrow  bandwidth  of  less  than  10%.  For  low-profile 
applications  requiring  large  bandwidth,  such  as  ESM  antennas,  effort  has  been 
expended  in  recent  years  to  broaden  the  bandwidth  of  the  microstrip  antenna  2,3 
,  but  little  has  been  accomplished  without  increasing  substrate  thickness,  thus 
increasing  the  height  of  the  antenna. 

On  the  other  hand,  the  planar  spiral  antenna,  especially  the  equi-angular 
type,  has  a  very  wide  frequency  bandwidth  4.  Unfortunately,  this  simple  design 
radiates  to  both  sides  of  the  spiral  plane,  while  most  applications  require  a  unidi¬ 
rectional  pattern.  To  overcome  this  difficulty  over  a  large  bandwidth,  the  usual 
approach  is  to  place  a  lossy  cavity  on  one  side  of  the  spiral  to  absorb  undesired 
radiation.  This  cavity-backed  planar  spiral  was  perfected  more  than  a  decade 
ago  at  several  industrial  firms.  It  yields  wideband  frequency  coverage  of  2  -  18 
GHz  or  more. 

The  recently  developed  sinuous  antenna  ^  resembles  the  cavity-backed  spi¬ 
ral  in  both  electrical  and  physical  characteristics  and  is  capable  of  radiating  lin¬ 
ear  polarizations  that  do  not  rotate  with  frequency.  This  means  that  such 
antennas  having  more  than  two  arms  can  produce  dual  polarization  of  either  the 
linear  or  circular  type. 
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The  lossy  cavity  of  the  spiral  and  sinuous  antennas  has  two  undesirable 
effects: 

1.  At  least  half  of  the  radiated  power  is  lost  in  the 
dissipative  cavity,  and 

2.  The  cavity  is  deeper  than  the  radius  of  the  spiral,  thus 
rendering  it  unsuitable  for  low-profile  surface  mount¬ 
ing. 

To  avoid  the  gain  loss  and  system  noise  increase  due  to  the  lossy  cavity,  the 
planar  spiral  can  be  designed  with  the  backing  of  a  lossless  cavity  ^  or  a  conduct¬ 
ing  plane  However,  only  very  modest  bandwidths  of  less  than  40%  have  been 
reported  for  such  designs  to  date. 

When  a  low-profile  and  a  broad  bandwidth  are  of  primary  consideration, 
one  wonders  whether  a  spiral-shaped  microstrip  antenna  could  achieve  both 
characteristics.  Wood  ^  initially  investigated  this  possibility.  One  of  his  exper¬ 
imental  models  was  a  single  microstrip  line  wound  as  an  Archimedian  spiral  to  a 
radius  of  about  one  wavelength  at  10  GHz  on  a  polyguide  substrate  1.59  mm 
thick.  He  concluded  that  the  achievement  of  wideband  operation  analogous  to 
the  conventional  spiral  is  not  feasible  because  the  radiation  patterns  tend  to 
exhibit  a  large  axial  ratio. 

Other  researchers  have  made  significant  contributions  leading  to  the  pres¬ 
ent  state  of  the  art,  but  their  zeal  was  probably  dampened  by  Wood’s  disappoint¬ 
ing  conclusion.  At  least  that  was  the  case  for  the  co-author  of  this  paper  who 
demonstrated  ^  an  excellent  impedance  match  over  a  2.7:1  band  for  a  spiral  only 
0.032  wavelengths  above  a  groundplane  at  the  lowest  frequency.  The  electrical 
thickness  of  the  dielectric  substrate  was  about  0.066  wavelengths. 

About  the  same  time,  Waller  and  Mayes  ^  were  experimenting  with  single 
arm  spirals  over  flat  (microstrip  configuration)  and  conical  ground  surfaces. 
Their  demonstration  of  a  2:1  pattern  bandwidth  was  promising  enough  to  lead  to 


further  research.  Drewniak  and  Mayes’  measurements  on  a  single-arm  log-spiral 
over  a  conical  ground  surface  provided  insight  into  how  such  antennas  work  1®, 
though  their  best  performance  came  from  an  annular-sector  radiating  line 
antenna  To  date  all  the  single-arm  models  have  suffered  from  the  skewing  of 
patterns  off  broadside. 

Recently  Nakano  ^  reported  a  theoretical  investigation  which  indicated  that 
poor  radiation  patterns  are  due  to  the  residual  power  after  the  electric  current 
on  the  spiral  has  passed  through  the  first-mode  radiation  zone  (which  is  on  a 
centered  ring  about  one  wavelength  in  diameter).  Thus  if  we  can  remove  the 
residual  power  from  radiation,  we  should  be  able  to  obtain  excellent  radiation 
patterns  over  a  very  wide  bandwidth. 

A  simple  technique  for  removing  the  residual  power  is  to  place  a  ring  of 
absorbing  material  at  the  truncated  edge  of  the  spiral  outside  the  radiation  zone. 
This  scheme  allows  the  absorption  of  the  residual  power  which  would  radiate  in 
"negative"  modes,  causing  deterioration  of  the  radiation  patterns,  especially  their 
axial  ratio.  Also  the  first-order  rotational  asymmetry  of  patterns  can  be  elimi¬ 
nated  by  the  use  of  two  arms  rather  than  one.  This  approach  makes  feeding  less 
convenient,  but  it  is  a  more  reliable  remedy  than  increasing  the  single-arm  wrap 
rate. 

Tliis  paper  presents  the  experimental  results  of  a  study  of  two-arm  spiral 
antennas  clo.sely  spaced  over  a  ground  surface.  Various  dielectric  substrates, 
edge  loading  technique.s,  and  ground  spacings  are  considered. 

2.  BANDWIDTH 

Before  examining  the  parametric  studies,  we  will  discuss  performance  band¬ 
width  since  that  is  the  motivation  for  this  effort.  As  there  are  many  definitions  of 
bandwidth,  each  important  for  a  different  application,  we  characterize 
bandwidth  by  presenting  an  array  of  patterns  for  a  rather  arbitrarily  .selected 
hardware  configuration.  The  configuration  is  similar  to  that  shown  in  Figure  1, 
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except  that  the  spiral  is  Archimedian,  with  a  separation  of  about  1.9  lines  per 
inch.  Figure  2  demonstrates  that  for  a  spacing  of  0.145  inch  the  impedence  band 
is  very  broad  -  more  than  20:1  for  a  VSWR  below  2:1.  The  band  ends  depend 
on  the  inner  and  outer  terminating  radii  of  the  spiral.  The  feed  was  a  broadband 
balun  12  made  uom  a  0.141  inch  semi-rigid  coaxial  cable,  which  made  a  feed 
radius  of  0.042  inch.  It  was  necessary  to  create  a  narrow  cavity  in  the  ground- 
plane  in  order  to  clear  the  balun.  The  cavity’s  radius  was  0.20  inch,  and  its  depth, 
2  inches.  This  cavity  also  affects  the  high  frequency  performance. 

These  parameters  worked  well,  though  they  were  by  no  means  optimal. 
Better  matches  were  obtained  over  narrower  bands  for  other  configurations. 
Figure  3  shows  the  VSWR  of  a  log-spiral  0.3  inch  above  a  similar  ground  plane 
and  balun.  Both  spirals,  incidentally,  were  complementary. 

The  outer  radius  was  1,5  inch  with  foam  absorbing  material  extending  from 

I. 25  to  1,75  inches.  It  seems  intuitive  that  if  this  terminating  absorber  is  good 
enough,  the  antenna  match  can  be  extended  far  below  the  frequencies  at  which 
the  spiral  radiates  significantly.  More  importantly,  at  the  operating  frequencies, 
the  termination  eliminates  currents  that  would  be  reflected  from  the  outer  edge 
of  the  spiral  and  disrupt  the  desired  pattern  and  polarization.  These  reflected 
waves  are  sometimes  called  negative  modes  because  they  are  polarized  in  the 
opposite  sense  to  the  desired  mode.  Thus,  their  primary  effect  is  to  increase  the 
axial  ratio  of  the  patterns. 

The  patterns  for  this  antenna  (d  =  0.145)  are  shown  in  Figures  4  through 

II.  The  patterns  are  normalized  to  the  actual  gain  of  the  antenna.  Since  we  are 
measuring  circular  polarization  with  a  linear  probe  antenna,  the  levels  recorded 
are  about  3  dB  below  the  actual  gain.  The  scale  is  marked  "dBiL"  to  remind  us 
of  this  fact. 

For  an  engineering  model,  the  antenna  operates  well  from  2  to  14  GHz,  a 
7: 1  band.  It  is  to  be  expected  that  the  detailed  engineering  required  to  produce  a 
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commercial  antenna  would  yield  excellent  performance  over  this  range.  The 
gain  is  higher  than  that  of  a  2.5"  commercial  lossy-cavity  spiral  antenna  up 
through  12  GHz,  as  shown  in  Figure  12.  (We  feel  that  the  dip  at  4  GHz  is  an 
anomaly.)  Tliis  figure  also  shows  gain  curves  for  a  groundplane  spacing  of  0.3 
inch.  The  Archimedian  version  of  this  design  demonstrates  a  gain  improvement 
over  the  nominal  loaded-cavity  level  of  4.5  dBi  (with  matched  polarization)  over 
a  5:1  band.  The  gain  of  the  0.145  inch  spaced  antenna  is  lower  because  the  sub¬ 
strate  was  a  somewhat  lossy  cardboard  material  rather  than  the  light  foam  used 
for  the  0.3  inch  example. 

Similar  pattern  performance  for  other  spiral  configurations  has  been 
reported  elsewhere.  The  log-spiral  has  been  shown  to  behave  in  an  essentially 
identical  manner  to  the  Archimedian  design  in  microstrip  configurations 
It  has  also  been  shown  to  perform  very  well  when  conformed  to  a  curved  surface 

T3,15,  Log-periodic  antennas  have  recently  been  developed  in  circular  shapes 
and  with  loaded  cavities  similar  to  the  standard  broadband  spiral  antennas. 
Examples  are  the  interlog  and  the  sinuous  antennas  We  have  no  reason  to 
believe  that  these  antennas  cannot  be  configured  as  broadband  microstrip  anten¬ 
nas  similar  to  the  spirals.  We  have  designed  and  built  a  microstrip  sinuous 
antenna,  and  it  is  presently  being  tested. 

3.  EFFECT  OF  SUBSTRATE 

Only  two  basic  parameters  of  the  substrate  have  been  studied  to  date:  thick¬ 
ness,  and  dielectric  constant.  We  found,  as  expected,  that  a  decrease  in  thickness 
caused  the  band  of  high  gain  to  move  upward  in  frequency,  subject  to  the 
limitation  imposed  by  the  inner  truncation  radius.  Figure  13  shows  gain  plotted 
at  several  frequencies  as  a  function  of  spacing  for  the  "substrate"  air.  At  low  fre¬ 
quencies,  the  spiral  arms  act  more  like  transmission  lines  than  radiators  as  they 
are  moved  closer  to  the  groundplane.  They  carry  much  of  their  energy  into  the 
absorber  ring,  and  the  gain  decreases. 
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At  high  frequencies,  gain  generally  increases  with  reduced  spacing,  indicat¬ 
ing  that  the  lines  are  better  radiators  when  they  are  less  than  a  quarter  wave¬ 
length  from  the  groundplane.  This  is  consistent  with  our  theory  1^,  but  differs 
from  the  apparent  assumption  of  Nakano,  et  al.  ^  that  the  optimum  spacing 
should  be  a  quarter  wave.  For  these  types  of  antennas,  we  have  found  that  effi¬ 
cient  radiation  generally  takes  place  when  the  spacing  is  far  below  the  quarter 
wave  "optimum".  We  have  observed  a  gain  enhancement  over  that  of  a  loaded 
cavity  for  frequencies  that  produce  a  spacing  of  less  than  1/20  wavelength.  If  one 
is  willing  to  tolerate  gain  degradation  down  to  0  dBi  at  the  low  frequencies,  as 
found  in  most  commercial  spirals,  the  spacing  can  be  as  small  as  l/60th  wave¬ 
length. 

The  effect  of  the  presence  of  high-dielectric-constant  material  was  studied 
in  two  ways;  with  and  without  a  groundplane.  To  investigate  the  case  of  no 
groundplane  both  calculations  and  measurements  were  used,  and  the  results  are 
reported  elsewhere  1^.  The  basic  conclusion  was  that  patterns  degrade  in  the 
presence  of  a  dielectric  substrate;  the  higher  the  dielectric  constant,  and  the 
thicker  the  substrate,  the  more  seriously  the  patterns  degrade.  In  this  paper,  we 
will  show  that,  even  though  dielectric  substrates  cause  pattern  degredation,  it  is 
possible  to  design  spiral  microstrip  antennas  with  acceptable  performance  over  a 
narrower  frequency  band. 

The  case  of  dielectric  substrates  between  the  spiral  and  the  groundplane 
was  studied  for  materials  of  relatively  small  dielectric  constant,  the  greatest  being 
4.37.  As  is  shown  in  Figures  14  through  17,  little  degradation  was  found  ath 
these  frequencies.  The  upper  pattern  in  each  of  these  figures  was  measured  on 
the  configuration  of  Figure  1;  while  the  lower  patterns  are  for  the  same  configu¬ 
ration,  with  0.063  inches  of  fiberglass  substituted  for  0.145  inches  of  air.  In  both 
of  these  configurations  the  electrical  spacing  is  the  same  (within  10  %).  If  the 
electrical  spacing  is  considered  to  be  more  important  the  other  spiral  dimen- 
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sions,  the  upper  pattern  at  9  GHz  can  be  compared  with  the  lower  pattern  at  10 
GHz  (also  10  with  11  and  11  with  12),  where  the  electrical  spacings  are  nearly 
the  same. 

4.  EFFECT  OF  EDGE  LOADING 

The  use  of  edge  loading  to  suppress  reflections  from  the  outer  ends  of  the 
spiral  arms  is  well  known.  We  investigated  several  configurations,  most  notably 
foam  absorbing  material  and  magnetic  RAM  material. 

For  the  foam  case,  we  compared  log-spirals  terminated  with  a  simple  circu¬ 
lar  truncation  (open  circuit)  and  a  thin  circular  shorting  ring.  There  was  no  dis- 
cernable  difference  in  performance.  The  magnetic  RAM  absorber  was  tried  on 
open-circuit  Archimedian  and  log-spirals  with  spacings  of  0.09  and  0.03  inches. 
Figures  18  and  19  show  the  VSWR  for  0.10  inch  foam  and  0.09  RAM  respec¬ 
tively.  Clearly,  the  magnetic  RAM  is  not  nearly  so  well  behaved  as  the  foam.  In 
addition  to  the  gain  loss  caused  by  the  VSWR  spikes,  the  patterns  showed  a 
generally  poor  axial  ratio,  indicating  that  the  magnetic  RAM  did  not  absorb  as 
well  as  the  foam.  In  our  measurements,  the  loading  materials  were  always 
shaped  into  a  half-inch  wide  annulus,  half  within  and  half  outside  the  spiral  edge. 
The  thickness  was  trimmed  to  fit  between  the  spiral  and  the  groundplane  or  in 
the  very  clo.se  configurations  it  was  mounted  on  top  of  the  spiral.  Since  this  top¬ 
mounting  partially  defeats  the  purpose  of  the  low-profile  approach,  an  alterna¬ 
tive  loading  technique  is  being  sought.  Materials  under  consideration  include 
Aquadag. 

5.  CONCLUSION 

The  spiral  microstrip  antenna  has  been  demonstrated  to  work  well  over  a 
multi-octave  band.  It  provides  gain  enhancement  over  the  conventional  loaded- 
cavity  configuration  over  a  .5:1  band  and  the  desired  stability  of  input  impedence 
over  a  20:1  band.  A  gain  of  0  dBi  can  be  achieved  at  frequencies  where  the 
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spacing  is  as  little  as  0.02  wavelength  in  air,  and  dielectrics  can  be  used  with  mini¬ 
mal  pattern  degradation  provided  that  the  dielectric  constant  is  low.  Moderate 
edge  loading  can  be  obtained  with  absorbing  foam. 
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Figure  2.  Measured  VSWR  of  the  spiral  microstrip  antenna  of  Figure  1. 
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Figure  3.  Measured  VSWR  of  another  spiral  microstrip  antenna 
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Figure  5.  Measured  radiation  pattern  for  the  Figure  1  antenna  at  3  GHz. 
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Figure  6.  Measured  radiation  pattern  for  the  Figure  1  antenna  at  4  G! 
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Figure  7.  Measured  radiation  pattern  for  the  Figure  1 
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Figure  11.  Measured  radiation  pattern  for  the  Figure  1  antenna  at  14  GHz. 
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Rgure  1 2.  Comparison  of  gain  cun/es  for  various  microstrip 

configurations  and  the  loaded  cavity  spiral. 
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Figure  15.  Effect  of  e  =  4.37  substrate  on  patterns  at  10  GHz. 
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Figure  16.  Effect  of  e  =  4.37  substrate  on  patterns  at  1 1  GHz. 
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Figure  17.  Effect  of  e  =  4.37  substrate  on  patterns  at  12  GHz. 


441 


442 


Figure  18  -  Measured  VSWR  for  a  microstrip  spiral  with  foam  edge  loading. 
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Figure  19  -  Measured  VSWR  for  a  microstrip  spiral  with  magnetic  RAM  edge  loading. 


ABSTRACT 


EXTERNAL  LENS  LOADING  OF  CAVITY-BACKED 
SPIRAL  ANTENNAS  FOR  IMPROVED  PERFORMANCE 


George  J.  Monser 

The  Raytheon  Company 
Electromagnetic  Systems  Division 
Goleta,  CA 


This  paper  presents  the  results  of  an  empirical 
study  to  improve  the  performance  of  a  log-spiral,  cavity- 
backed  antenna. 

It  is  shown  that  an  external  lens  over  the  antenna 
can  be  designed  to  yield  improved  on-axis  gain  at  F^qw' 
minimum  perturbance  over  the  middle  of  the  band,  and 
improved  off-axis  gain  at  Fjjjqjj  (approximately  2xFLQy^)  . 

Four  antenna/lens  assemblies  were  evaluated  to 
support  the  reproducibility  of  the  design. 
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EXTERNAL  LENS  LOADING  OF  CAVITY-BACKED 
SPIRAL  ANTENNAS  FOR  IMPROVED  PERFORMANCE 

George  J.  Monser 

The  Raytheon  Company 
Electromagnetic  Systems  Division 
Goleta,  CA 

SUMMARY 

This  paper  presents  the  results  of  an  empirical  study 
effort  to  improve  performance  of  a  cavity-backed  spiral 
antenna  by  external  loading. 

Data  and  analysis  are  presented  showing  that  the 
technique  is  feasible  and  attractive,  yielding  gain 
improvements  of  1  to  2  dB  over  conventional  techniques. 
1.0  INTRODUCTION 

This  paper  describes  the  empirical  development  of  an 
external  lens  over  a  cavity-backed  spiral  antenna.  The 
purpose  of  the  lens  was  to  reshape  the  radiated  energy  to 
achieve  the  required  minimum  gain  on  antenna  boresight 
and  at  jf60°  with  respect  to  boresight. 

Uniquely,  the  lens  was  required  to  slightly  narrow 
the  pattern  at  for  more  on-axis  gain,  minimally 

perturb  the  patterns  midband,  and  at  2  x  to  achieve 

significant  beam-broadening  for  more  off-axis  gain. 
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2 . 0  BASIC  ANTENNA 

Figure  1  shows  a  photograph  of  the  antenna  without 
any  lens  over  the  circuit-board.  Here,  a  log-spiral  was 
printed  on  the  Duroid  5880  substrate,  and  only  slight 
absorber  loading  was  used  within  the  cavity  so  as  not  to 
reduce  the  forward  gain. 

The  basic  antenna  was  fed  through  two  equal-length, 
0.085  inch  diameter  semi-rigid  cables  and  an  external 
Magic-Tee  so  that  maximum  effort  could  be  given  to 
developing  the  lens.  Figure  2  shows  a  cross-section  of 
the  basic  antenna. 

3.0  LENS 

Two  candidate  materials  were  chosen  for  the  lens: 
acrylic  with  dielectric  constant  of  about  2.7;  and  Teflon 
with  a  dielectric  constant  of  about  2.04.  Both  materials 
had  low- loss  tangents  over  the  frequency  band,  and  both 
materials  were  easily  machined  to  size  and  contour. 

Figure  3  shows  a  photograph  of  some  of  the  lenses 
evaluated  with  the  antenna.  Each  lens  had  a  small 
clearance  area  around  the  feed-points.  For  preliminary 
tests,  the  lenses  were  taped  in  position.  For  final 
tests,  they  were  cemented  in  position. 
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4.0  TEST  RESULTS  (BASIC  ANTENNA) 


Figure  4  shows  how  the  3  dB  beamwidth  varies  with 
frequency  without  any  lens  over  the  antenna.  Figure  5 
shows  on-axis  gain  versus  frequency. 

Analysis  of  the  beamwidth  and  gain  data  confirmed 
that  the  requirements  could  not  be  met  without  a  lens. 

The  lens  would  be  required  to  accomplish  the 
following  objectives: 

(1)  Provide  beamwidth  narrowing  over  the  lower  part 
of  the  band  to  improve  on-axis  gain  without  significantly 
affecting  the  edge-of-view  gain. 

(2)  Over  mid-band,  the  lens  should  leave  the 
patterns  and  gain  unchanged. 

(3)  Provide  significant  beam-broadening  over  the 
upper  part  of  the  band,  trading  on-axis  gain  for  edge-of- 
view  gain. 

5 . 0  TEST  RESULTS  (LENS-LOADED  ANTENHA) 

Figure  6  shows  the  minimum  linear  gain  on-axis  and 
at  the  edge  of  the  field  of  view.  Both  curves  represent 
performance  to  the  90  percentile  levels  (i.e.,  90%  of  the 
data  equals  or  exceeds  the  required  data) .  This  data  was 
achieved  using  the  serrated,  contoured  Teflon  lens. 

Figure  7  shows  the  VSWR  for  the  individual  arms  of 
the  spiral.  Figure  8  shows  the  on-axis  axial  ratio. 
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Figure  9  shows  on-axis  gain  versus  frequency  for  the 
lens-loaded  antenna. 

6.0  DISCUSSION 

The  basic  antenna  showed  deficiencies  versus  the 
requirements  when  evaluated  without  a  lens.  In 
particular,  the  beamwidths  showed  considerable 
variability  and  narrow  pattern  coverage  near 
Here,  absorber  loading  within  the  cavity  could  have  been 
used  at  the  expense  of  gain  for  improved  pattern 
performance.  However,  from  a  gain  viewpoint,  it  appeared 
that  a  better  approach  would  be  to  use  an  external  lens. 

Analysis  of  the  data  led  to  the  following 
requirements:  (1)  The  lens  should  provide  for  a  slight 

gain  improvement  near  (2)  the  lens  should  not 

perturb  mid-band  performance;  and  (3)  the  lens  should 
yield  significant  beambroadening  near 

In  the  design  process,  the  lens  dielectric  loading 
near  the  periphery  and  near  the  center  were  used,  but  for 
different  reasons  (see  Figure  10) .  The  peripheral 
loading  objective  was  to  enhance  gain  near  F^qw  while  the 
center-loading  objectives  were  to  broaden  the  beamwidth 
and  reduce  on-axis  gain  near  Fj^jqjj. 

The  extent  of  realizing  the  above  objectives  is 
illustrated  in  Figure  4.  Here,  the  beamwidths  with  lens 


loading  (dotted  curves)  are  shown  for  ready  comparison  to 
the  basic  antenna  without  any  lens.  Figures  5  and  9  can 
also  be  compared.  There,  the  effects  of  the  lens  on  on- 
axis  gain  are  apparent.  Namely,  the  lens  improves  gain 
near  Flqw 

7 . 0  CONCLUDING  REMARKS 

This  effort  has  shown  the  following  results. 

(1)  A  simple  external  lens  can  be  used  to  improve 
cavity-backed  spiral  antenna  performance. 

(2)  In  particular,  the  lens  simultaneously  improves 
gain  over  the  lower  part  of  the  band  and  broadens  the 
coverage  over  the  upper  part  of  the  band. 

(3)  Compared  to  conventional  techniques  (such  as 
absorber  loading  in  the  cavity  and  lossy  terminations  of 
the  spiral  windings,  both  of  which  improve  pattern 
performance  at  the  expense  of  gain) ,  the  lens-loading 
achieves  the  same  results  without  reducing  gain. 

(4)  A  total  of  four  antennas  with  lenses  were 
evaluated.  Three  of  these  units  are  shown  in  Figure  11. 
Results  showed  excellent  correlation  supporting  the 
reproducibility  of  the  empirically-designed  lens. 
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Figure  1.  Antenna  Without  Lens 
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Figure  2.  Antenna  (Cavitv)  Cross  Section 
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Figure  5.  Boresight  Matched  Gain  vs  Frequency  (V/ithout  Lens) 


452 


Figure  7.  Individual  Arms  of  Spiral,  VSVVR,  and  Traasinission  l  oss  vs  Frequency 


Figiu’c'  8.  Borr'sight  .Axial  Flatiovs  Frequency 
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Ficairf'  9.  Matched  Gain  versus  Frequency  (Boresight)  (With  Lens) 
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Figure  10.  I<ens  Cmss  Section 
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Fi^re  11.  Antennas  with  Lenses 
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Fimu'c"  A-1 .  Ca\' i  1  -Bucked  Spiral  Antenna,  Basic  Elements  (Illustrative 
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A  COMPACT  BROADBAND  ANTENNA 
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The  log-pericxlic  dipole  antenna  (LPDA)  theoretically  provides  an  infinite 
bandwidth;  therefore,  it  is  invariably  proposed  when  an  application  demands 
broadband  antennas.  In  practice,  the  lowest  frequency  at  which  LPDAs  are  able  to 
operate  is  limited  by  the  length  of  the  largest  dipole.  For  a  conventional  LPDA  that 
uses  hnear  wire  dipoles  as  radiators,  the  length  of  the  largest  dipole  is  on  the  order 
of  one-half  wavelength  at  the  lowest  operating  frequency.  This  physical  require¬ 
ment  precludes  the  use  of  LPDAs  in  some  circumstances. 

The  conventional  LPDA,  shown  in  Figure  1,  is  defined  primarily  by  two 
design  parameters:  alpha,  the  enclosed  half  angle,  and  tau,  the  ratio  of  the  distance 
between  or  the  lengths  of  adjacent  dipoles.  Alpha  controls  the  length  of  the  antenna 
structure,  and  tau  determines  the  number  of  dipole  elements.  LPDAs  with  alpha 
smaller  than  15°  and  tau  greater  than  0.9  generally  exhibit  moderate  gain  and  direct¬ 
ivity.  These  LPDAs  also  characteristically  provide  uniform  performance  because  a 
relatively  large  tau  provides  many  nearly  resonant  dipoles  in  the  active  region  of  the 
structure. 

For  each  alpha,  there  exists  an  optimum  value  of  tau.  Deviation  from  the 
optimal  value  tends  to  result  in  a  degradation  in  antenna  performance.  However, 
for  alpha  less  than  15°,  the  LPDA  will  tolerate  a  relatively  large  range  of  tau  without 
significant  performance  degradation.  For  these  reasons,  most  size-reduction 
experiments  in  the  microwave  frequency  region  have  been  conducted  on  LPDAs 
with  relatively  small  alpha  angles.  An  example  is  the  reduced-size  antenna 
described  in  a  U.  S.  Patent  by  J.  C.  PullaraL  The  antenna  disclosed  therein  is 
characterized  by  an  alpha  angle  of  12°  and  a  tau  of  0.95. 
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Figure  1 .  Design  Parameters  of  the  Log-Periodic  Dipole  Antenna 


The  difficulty  in  reducing  the  width  of  the  LPDA  increases  as  the  alpha 
angle  of  the  LPDA  increases.  To  date,  I  am  not  aware  that  anyone  has  yet 
successfully  reduced  the  width  of  microwave  LPDAs  to  50  percent  with  an  alpha 
equal  to  or  greater  than  45°.  The  difficulty  in  foreshortening  a  LPDA  with  an  alpha 
of  about  45°  lies  in  the  conventional  LPDA  itself.  As  a  result,  broadband  LPDAs 
with  alphas  greater  than  45°  are  not  commercially  available  for  operating  up  to 
Ku-band  frequency  range. 

The  incentive  to  develop  a  broadband  LPDA  with  a  large  alpha  becomes 
apparent  when  it  is  understood  that  the  boom  length  of  an  LPDA  with  a  45°  alpha  is 
approximately  one-fifth  that  of  an  LPDA  with  an  alpha  of  12°.  There  are  instances 
when  the  size  restrictions  will  apply  to  both  the  length  and  the  width  of  the  LPDA. 
Specifically,  when  a  short  LPDA  is  required  due  to  space  limitation,  alpha  has  to  be 


increased.  In  order  to  optimize  performance,  the  value  of  tau  must  be  decreased  if 
the  alpha  is  increased  much  over  15°. 

The  art  of  designing  antenna  structures  with  short  booms  and  large  alphas 
is  not  well  known;  and  there  has  been  very  limited  investigation  of  the  performance 
and  anamolies  of  these  LPDAs.  One  study  by  Bantin  and  Balmain  resulted  in  an 
outstanding  paper^^.  The  authors,  however,  did  not  provide  any  practical  solutions. 
(They  did  recommend  using  extremely  large  values  of  taus,  such  as  0.96,  for 
LPDAs  with  larger  alpha;  however,  this  is  very  difficult  to  achieve  in  practice, 
especially  in  the  microwave  frequency  range.) 

The  anomalies  associated  with  the  LPDAs  mentioned  above,  however,  do 
not  apply  to  those  operating  at  HF  or  low  VHF  because  these  LPDAs  are  excited 
differently  from  the  microwave  ones.  The  LPDA  is  a  balanced  antenna  and,  there¬ 
fore,  must  be  excited  by  using  a  balun  for  coaxial  (unbalanced)  systems.  LPDAs 
operating  at  HF  or  low  VHF  are  usually  excited  by  a  combined  balun/transfomer 
attached  to  the  small  end  of  the  structure  because  the  size  of  the  balun/transformer  is 
small  compared  with  the  lengths  of  the  small  dipole  radiators.  This  gives  low- 
frequency  LPDAs  an  advantage  over  microwave  antennas  because  the  balanced 
transmission  line  used  to  excite  the  dipoles  can  be  made  to  have  a  very  high  charac¬ 
teristic  impedance.  The  higher  the  characteristic  impedance  of  the  LPDA  feedline, 
the  easier  it  is  for  the  excitation  currents  to  be  coupled  into  the  dipole  radiators. 

A  broadband  LPDA  operating  at  microwave  frequencies,  unfortunately,  cannot 
tolerate  such  a  large  device  at  the  small  end  of  the  antenna  and,  thus,  is  usually 
excited  by  using  the  "infinite  balun"  technique.  Since  the  infinite  balun  is  usually 
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made  of  50-ohm  coaxial  cable,  which  is  also  an  integral  part  of  the  feedline,  a 
balanced  feedline  with  high  characteristic  impedance  will  intnxiuce  high  VSWR. 

For  conventional  LPDAs  with  relatively  small  alphas  and  appropriate  taus,  it 
is  generally  adequate  to  excite  the  antenna  with  a  balanced  feedline  with  a  charac¬ 
teristic  impedance  as  low  as  100  ohms  because  there  are  sufficient  nearly  resonant 
dipoles  in  the  active  region  to  radiate  most  of  the  excitation  current.  The  amount  of 
residual  current,  which  goes  on  to  excite  the  larger  dipoles,  will  not  degrade  the 
performance  of  the  antenna.  However,  when  the  alpha  is  45°  or  more,  LPDAs  with 
linear  dipoles  and  low  feedline  characteristic  impedances  will  have  anomalies 
caused  by  too  few  nearly  resonant  dipoles  in  the  active  region.  Some  of  the  exci¬ 
tation  current  will  pass  through  the  active  region  and  introduce  anomalies  at  other 
frequencies.  These  anomalies  can  be  in  the  form  of  high  backlobe  levels  which 
occur  at  frequencies  where  the  active  region  is  approximately  (2n-f-l)  V4  from  the 
open  truncation  of  the  balanced  feedline.  If  a  shoned  termination  is  used  instead  of 
an  open  at  the  end  of  the  feedline,  the  anomalies  will  shift  to  different  frequencies. 

Another  form  of  anomaly  is  the  excitation  of  the  3/2-  or  5/2-wavelength 
dipoles  by  the  residual  currents.  When  this  happens,  the  E-plane  radiation  patterns 
will  have  narrower  beamwidth  and  sidelobes.  These  can  be  eliminated  by  simply 
increasing  the  characteristic  impedance  of  the  balanced  feedline  (i.e.,  increasing  the 
spacing  of  the  feedline).  A  higher-impedance  feedline  will  allow  more  energy  to  be 
coupled  to  the  dipoles,  thus  decreasing  the  residual  current.  This  can  be 
demonstrated  by  an  LPDA  witJi  a  45°  alpha  and  a  tau  of  0.80.  When  a  relatively 
low-characteristic  impedance  feedline  (90  ohms)  is  used,  the  swept-frequency  gain 
and  radiation  patterns  both  show  anomalies.  The  dips  in  the  swept-ffequency  gain. 
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shown  in  Figure  2,  represent  an  increase  in  the  backlobe  level  of  the  radiation 
pattern  at  those  frequencies.  The  radiation  pattern  measured  at  a  gain-dip  frequency 
is  shown  in  Figure  3  and  is  characterized  by  a  very  high  backlobe.  When  the 
characteristic  impedance  of  the  feedline  is  increased  to  200  ohms,  the  anomalies  are 
gone,  as  shown  in  Figure  2.  However,  this  technique  can  be  used  only  for  LPDAs 
operating  at  relatively  low  frequencies  where  a  balun/transformer  can  be  placed  at 
the  feedpoint  without  perturbing  the  antenna  performance. 


HIGH  CHARACTERISTIC 
IMPEDANCE  FEEDUNE 

LOW  CHARACTERISTIC 
IMPEDANCE  FEEDUNE 
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Figure  2.  Swept  Gain  of  a  Short,  Microwave  LPDA  with  Linear  Dipoles 
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Figure  3.  Radiation  Pattern  at  the  Gain-Dropout  Frequency 


New  techniques  that  can  eliminate  these  anomalies  in  short,  microwave  frequency, 
broadband  LPDAs,  are  very  desirable.  An  in-line  transformer,  formed  by  tapering 
the  center  conductor  of  the  feedline,  can  provide  some  limited  impedance  transfor¬ 
mation,  but  the  cost  is  high,  and  the  fabrication  is  difficult.  Another  design 
method  is  to  replace  the  linear  dipioles  with  radiators  having  a  lower  Q,  such  as  the 
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triangular  dipole.  The  Q  of  the  dipole  decreases  as  the  base  of  the  triangle 
increases.  These  lower-Q,  triangular  radiators  will  couple  more  energy  from  the 
feedline  than  will  linear  dipoles,  with  an  effect  identical  to  that  achieved  by 
introducing  additional  radiators  into  the  active  region.  LPDAs  with  triangular 
dipoles  and  alphas  smaller  than  25  degrees  have  more  uniform  pattern  and  VSWR 
performance  than  those  with  linear  dipoles.  Feedlines  with  characteristic  imped¬ 
ances  as  low  as  75  ohms  (which  provides  a  nearly  optimum  match  to  the  50  ohm 
coaxial  cable)  have  been  used  without  any  noticeable  anomalies.  Triangular-tooth 
LPDAs  with  alphas  of  45°  and  with  variable-impedance  feedlines  have  also  been 
built  and  tested  at  GTE,  with  no  anomalies  observed. 

A  disadvantage  of  the  triangular-dipole,  however,  is  that  it  resonates  at 
frequencies  higher  than  a  linear  dipole  of  the  same  length.  For  a  triangular-dipole 
having  a  height-to-base  ratio  of  5  : 1  (where  "height"  is  defined  as  one-half  of  the 
dipole  length),  the  triangular  dipole  is  approximately  20  percent  longer  than  a  linear 
dipole  that  resonates  at  the  same  frequency.  Thus,  an  LPDA  with  such  triangular- 
elements  must  be  20  percent  wider  and  longer  than  one  with  linear  dipoles  oper¬ 
ating  over  the  same  frequency  range.  This  clearly  is  not  desirable,  inasmuch  as  the 
prime  purpose  of  using  the  triangular-elements  is  to  reduce  the  size  of  the  antenna. 

We  developed  a  new  configuration  to  reduce  the  width  of  a  short  LPDA 
with  the  goal  of  making  one  whose  physical  size  is  equal  to  or  smaller  than 
6  inches  by  6  inches  and  that  will  cover  the  frequency  range  of  0.5  to  18.0  GHz. 
This  proposed  antenna  has  a  mixture  of  triangular,  linear,  and  size-reduced  dipole 
elements  and  may  be  viewed  as  being  divided  into  four  regions  as  shown  in 
Figure  4.  Region  1  includes  a  group  of  solid  triangular  dipoles.  Region  2  is  a 
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REGION 


Figure  4.  Configuration  of  the  Proposed  Antenna 


transition  region  consisting  of  triangular  dipoles  that  exhibit  a  gradually  decreasing 
base-to-height  ratio  as  the  lengths  of  the  dipoles  increase.  Thus,  the  triangular 
dipoles  gradually  become  linear  dipoles.  Region  3  contains  conventional  linear 
dipoles  (possibly  just  a  single  linear  dipole).  Region  4  contains  size-reduced 
dipoles  where  the  width  reduction  of  the  UPDA  is  achieved. 

In  order  to  demonstrate  this  technique,  an  LPDA  with  this  configuration 
was  fabricated  and  tested  using  an  alpha  with  45°and  a  tau  of  0.80.  (See 
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Figure  5.)-  Some  of  the  size-reduced  dipoles  used  in  this  investigation  were  of  the 
type  introduced  in  "Size-Reduced  Log-Periodic  Dipole  Array  Antennas,"  Micro¬ 
wave  Journal,  Dec.  1972.  This  type  of  size-reduced  dipole,  can  in  practice,  achieve 
a  maximum  size  reduction  of  40  jjercent;  so  only  two  of  these  are  used  in 
Region  4.  Since  the  last  radiator  requires  reduction  up  to  50  percent,  one  of  two 
other  types  of  size-reduced  dipoles  must  be  used. 


Figure  5.  Picture  of  the  Proposed  LPDA 
The  first  type  is  similar  to  the  above-mentioned  foreshortened  dipole  except 
that  the  thickness  of  the  rectangular-shaped  portion  is  increased,  as  shown  in 
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Figure  6.  The  reduction  factor  increases  as  the  thickness  of  the  fat  part  of  the 
dipole  increases,  while  the  size  of  the  stem  is  kept  constant.  However,  the 
thickness  of  the  loaded  section  is  limited  to  0.25  inch  for  this  application  in  order  to 
keep  the  LPDA  from  being  too  bulky  or  heavy. 


(b) 

Figure  6.  Size-Reduced  Dipole 


The  other  type  of  size-reduced  dipole,  which  can  be  used  as  the  largest 
linear  dipole  and  can  achieve  a  size  reduction  greater  than  50  percent ,  is  shown  in 
Figure  7  (US  Patent,  4,814,783).  This  type  of  dipole  can  be  made  to  have  the 
same  resonant  frequency  as  a  linear  dipole  that  is  2.5  times  longer.  If  this  second 
type  of  size-reduced  dipole  is  used  for  the  last  radiator,  the  thickness  of  the  LPDA 
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Figure  7.  A  Size-Reduced  Dipole 


s:an  be  limited  to  approximately  0. 10  inch  as  compared  with  0.25  inch  when  the 
structure  of  Figure  6  is  used. 

Another  novel  feature  of  this  antenna  is  the  use  of  a  balanced  feedline  with 
variable  characteristic  impedance.  At  the  feed  point,  the  characteristic  impedance  is 
100  ohm  or  less.  The  characteristic  impedance  of  the  feedline  is  increased  by 
increasing  the  spacing  of  the  balanced  two-wire  feedline.  Thus,  the  characteristic 
impedance  of  the  feedline  near  Region  2  is  over  200  ohms  and  is  even  higher  in 


Regions  3  and  4.  This  configuration  of  feedline  will  provide  a  good  match  to  the 
50-ohm  coaxial  line  at  the  feedpoint  and  yet  have  a  higher  characteristic  impedance 
where  the  Q  of  the  dipoles  is  also  higher  because  of  their  shape  change  or  fore¬ 
shortening.  The  gradual  change  of  the  feedline  spacing  provides  a  natural  imped¬ 
ance  transformation  and  will  provide  a  good  VSWR  over  the  entire  operating  range. 
This  can  be  seen  from  the  measured  VSWR  as  shown  in  Figures  8  and  9. 

E-plane  radiation  patterns  measured  at  frequencies  in  all  four  active  regions 
are  shown  in  Figure  10.  Typical  H-plane  radiation  patterns,  measured  in 
Regions  I  and  4,  are  shown  in  Figure  1 1  to  demonstrate  the  change  in  directivity. 
The  directivity  of  the  radiation  patterns  decreases  as  the  operating  frequency 
decreases,  because  of  the  configuration  change  of  the  dipole  radiators.  The 
absolute  gain  of  this  antenna  in  Region  1  (above  2  GHz)  is  about  5  dBi  and 
decreases  to  approximately  4  dBi  in  Region  3  and  3  dBi  in  Region  4  (below 
1.0  GHz).  At  500  MHz,  the  absolute  gain  is  approximately  1  dBi.  The  swept- 
gain  data  showed  no  gain  dropout  anomalies. 

These  experimental  results  demonstrate  that  a  6"  Dy  6"  LPDA  can  be 
designed  to  operate  over  the  0.5-to-18  GHz  frequency  range  with  good  electrical 
performance  without  anomalies.  The  reduction  in  gain  and  directivity  at  the  lower 
operating  frequencies  is  caused  by  the  size  reduction  of  the  dipoles  and  should  be 
accepted  as  the  price  paid  for  the  reduced  size. 
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Figure  8.  Measured  VSWR 
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Figure  9.  Measured  VSWR 
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Figure  1 1 .  Measured  H-plane  Patterns 
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ABSTRACT 


A  wideband,  log  periodic  dipole  antenna  is  designed  for  easy  transpor¬ 
tation  and  deployment  requiring  a  significantly  reduced  unobstructed  space 
for  operation.  The  longest  dipole  elements  are  reduced  in  length  and  flat¬ 
tened  and  tapered  in  shape  to  allow  bending  for  self-deployment.  To  main¬ 
tain  antenna  performance  in  the  frequency  band  of  the  foreshortened  ele¬ 
ments,  several  options  were  considered,  including  helices,  “dumbbell” 
shaped  elements,  and  inductive  loads  near  the  center  of  the  dipole  element 
lengths.  Inductive  loads  at  the  base  of  the  elements  are  selected  to  allow  the 
elements  to  fold  for  temporary  storage  and  to  deploy  easily.  Results  show 
that  accounting  for  mutual  coupling  between  elements  has  a  negligible  ef¬ 
fect  on  the  inductance  values  selected  for  optimum  performance.  The  shap¬ 
ing  of  the  dipole  elements  alters  their  characteristic  impedance  and  requires 
compensation  in  the  feeder  impedance. 
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1.0  Background 

A  log  periodic  dipole  array  (LPDA)  is  a  medium-gain,  wide 
bandwidth,  linearly  polarized  antenna  with  relatively  frequency-independent 
performance  over  its  operating  band.  A  standard  LPDA  is  defined  by  its 
scale  factor,  tau,  and  its  apex  angle,  alpha  (Figure  1).  The  lengths  of  adja¬ 
cent  dipole  elements  are  related  by  the  scale  factor  tau,  and  their  spacing  is 
then  determined  by  alpha. 


The  LPDA  is  in  a  class  of  antennas  known  as  “backfire”.  It  is  fed  at 
the  front  end  (toward  the  apex),  and  a  transmission  line  supports  a  slow 
wave  moving  from  the  front  to  the  rear  of  the  antenna.  The  energy  is  radi¬ 
ated  back  toward  the  apex  when  it  reaches  a  section  of  the  LPDA  where  the 
dipoles  are  nearly  one-half  wavelength  long.  The  group  of  dipoles  radiating 
energy  at  a  given  frequency  is  known  as  the  “active  region”  and  contains 
about  three  elements,  depending  on  the  design  parameters.  In  a  correctly 
designed  LPDA,  almost  all  of  the  energy  is  coupled  from  the  feed  line  by 
the  active  region,  which  allows  the  antenna  structure  to  be  arbitrarily  trun¬ 
cated  at  any  point  past  the  active  region  without  reflected  energy  interfering 
with  the  radiation  patterns  or  input  impedance.  The  shorter  elements  pre¬ 
ceding  the  active  region  act  as  shunt  capacitive  loads  on  the  transmission 
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line,  and  are  a  primary  factor  in  determining  the  input  impedance  of  the 
antenna.  Through  the  use  of  crossed  dipoles,  the  antenna  can  be  operated  in 
circular  polarization.  The  antenna’s  overall  width  is  determined  mainly  by 
its  low-frequency  cutoff  since  the  longest  dipoles  must  be  approximately 
one-half  wavelength  at  cutoff. 

The  size  of  the  LPDA  can  be  significantly  reduced  by  foreshortening 
and  electrically  loading  the  longer  sets  of  dipoles,  allowing  the  antenna  to 
be  deployed  and  operated  in  a  smaller  space.  For  operation  in  the  Mega¬ 
hertz  and  lower  frequency  bands,  this  may  offer  a  significant  improvement 
in  ease  of  handling  and  setup.  The  antenna  can  also  be  stored  in  a  very 
compact  configuration  for  transportation  by  folding  the  elements.  The  de¬ 
sign  of  such  an  LPDA  is  discussed  in  this  paper. 

2.0  Foreshortened  Elements 

In  an  LPDA,  the  low-frequency  cutoff  is  determined  by  the  length  of 
the  longest  dipole.  To  reduce  the  size  of  the  antenna  while  maintaining  the 
operational  bandwidth  of  a  full-size  antenna,  the  elements  are  shortened 
and  modified  so  that  their  electrical  lengths  remain  unchanged. 

Quite  a  few  methods  are  available  for  shortening  a  dipole  while  main¬ 
taining  its  electrical  length,  including:L  2 

—  capacitive  loading 

—  series  inductive  loading 

—  helices 

each  of  which  has  advantages  and  disadvantages  for  this  application. 
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Capacitive  Loading 


This  type  of  loading  can  be  accomplished  in  several  forms,  as  shown  in 
Figure  2. 

N  ~  "  N  CJ  ,  ) 


a.  Capacitive  disk 
(dumbbell)  loading 

Figure  2 

Compared  to  series  inductive  loading  and  helices,  capacitive  loading 
results  in  the  lowest  values  of  element  Q  for  a  given  amount  of  foreshorten¬ 
ing.  Low  0  is  desirable  because  high-Q  elements  reduce  the  number  and 
bandwidth  of  elements  in  the  active  region  of  the  LPDA  and  lead  to  vari¬ 
ations  in  RF  performance. 

Series  Inductive  Loading 

This  type  of  loading  can  also  be  accomplished  in  several  ways;  either 
with  a  lumped  element  inductor  or  with  a  length  of  coaxial  line  in  series 
with  the  element.  Figure  3  illustrates  these  methods. 


b.  Capacitive 
sheet  loading 


c.  Capacitive 
“T”  loading 


.  Capacitive  Loading  of  Dipole  Elements 
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a.  Mid-element  b.  Inductive 
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c.  Series-coax 
inductive  loading 


Figure  3.  Series  Inductive  Loading 


Helices 


Helix  wire  dipoles  are  a  version  of  inductive  loading  in  which  helical 
dipoles,  rather  than  straight  rods,  are  used  as  the  elements.  In  this  case  the 
inductive  loading  is  distributed  along  the  length  of  the  element  rather  than 
lumped  as  in  inductive  base-loading. 

Of  the  loading  methods  considered,  inductive  base-loading  is  chosen 
for  the  reduced  profile  LPDA  primarily  for  mechanical  reasons.  The  dipole 
elements  are  made  of  thin  strips  of  heat-treated  beryllium-copper  (BeCu) 
so  that  their  mechanical  properties  are  similar  to  that  of  a  metal  tape  meas¬ 
ure.  To  minimize  design  variations  throughout  the  LPDA,  BeCu  was  used 
for  all  of  the  antenna  elements.  By  using  heat-treated  BeCu,  the  elements 
can  be  easily  folded  for  storage.  Series-coax  inductive  loading  would  be 
difficult  to  implement  with  such  elements.  Capacitive  loading  would  put  too 
much  weight  at  the  ends  of  the  elements,  causing  them  to  collapse.  In  addi¬ 
tion,  most  of  the  capacitive  loading  methods  would  likely  cause  damage  or 
tangling  of  the  elements  during  deployment.  Mid-element  inductive  loading 
offers  some  improvement  in  radiation  efficiency  over  base-loading, 3  but  at 


the  expense  of  mechanical  complexity  and  added  weight  toward  the  ends  of 
the  elements.  Helical  dipole  elements,  though  effective  in  reducing  the  re¬ 
quired  element  length,  would  be  extremely  difficult  to  build  so  that  they 
would  fold  for  storage,  and  they  would  certainly  tangle  upon  deployment. 

3.0  Electrical  Desian 

An  LPDA  design  is  driven  by  the  performance  required  throughout  the 
band.  Based  on  the  minimum  operational  space  available  in  this  application, 
it  is  necessary  to  shorten  the  four  longest  sets  of  dipole  elements  to  the 
same  length  as  the  fifth  set  of  elements  (this  is  a  maximum  foreshortening 
of  31%).  Space  restrictions  also  drive  the  overall  length  of  the  antenna,  even 
though  it  has  been  shown  that  extra  sets  of  elements  and  an  increasing  tau 
through  the  truncated  region  improves  performance.^ 

To  analyze  and  implement  the  truncated  design,  the  following  steps 
were  taken: 

1.  The  design  of  a  full-width  LPDA  is  established.  This  sets  the  tau 
and  alpha  of  the  basic  design. 

2.  The  resonant  frequency  of  the  full  length  elements  which  are  to  be 
shortened  is  determined. 

3.  The  elements  are  shortened  to  the  desired  length  and  the  base 
impedance  of  each  element  is  adjusted  until  they  resonate  at  the 
same  frequency  as  the  corresponding  full  length  element. 

This  method  provides  the  amount  of  inductance  necessary  to  reso¬ 
nate  each  shortened  element  at  the  same  frequency  as  its  full 
length  counterpart. 

This  procedure  was  adopted  after  it  was  determined  that  the  inductive 
loading  at  the  base  of  each  element  has  an  insignificant  effect  on  mutuai 
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coupling  between  elements,  and  hence  on  performance.  The  coil  is  attached 
in  series  at  the  base  of  each  shortened  element.  This  assembly  can  be  easily 
mounted  on  a  ground  plane  to  verify  that  it  resonates  at  the  desired  fre¬ 
quency.  It  is  then  incorporated  into  the  LPDA  structure  and  is  ready  for 
evaluation  as  part  of  the  array. 

4.0  Mechanical  Design 

The  antenna  is  illustrated  in  Figure  4  and  consists  of  the  following 
main  components: 

Stem.  The  stem  is  the  central  support  structure  for  the  entire  LPDA.  It 
is  an  aluminum  tube  designed  for  stiffness  and  light  weight.  Its  diameter  is 
chosen  so  that  the  separation  between  element  pairs  is  a  small  fraction  of 
the  wavelength. 

Feed  Line.  The  dipole  elements  are  fed  by  BeCu  strips  mounted  along 
the  outside  of  the  stem.  They  function  as  strip  transmission  lines  and  use 
the  stem  as  the  return  path.  The  height  of  the  strip  above  the  tube  and  the 
element  configuration  determine  the  antenna’s  input  impedance. 

Dipole  elements.  The  antenna  employs  four  sets  of  elements  for  circu¬ 
lar  polarization.  The  BeCu  d’pole  elements  are  attached  to  opposite  feed 
strips.  Elements  longer  than  six  inches  have  a  concave  cross-section  for 
stiffness  and  are  heat-treated  to  allow  them  to  spring  straight  after  being 
bent  for  storage.  The  element  width  is  gradually  tapered,  which  moves  the 
center-of-gravity  of  the  elements  away  from  the  tips  and  reduces  sagging. 
The  longer  elements  are  reinforced  at  their  feed  points  with  support  collars 
attached  to  the  stem.  The  heat-treated  elements  can  be  easily  folded  along 
the  stem  and  the  entire  array  enclosed  in  a  cylinder  for  compact  storage  and 


493 


Figure  4.  Reduced  Profile  Log-Periodic  Dipole  Antenna 
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easy  transportation.  The  cylinder  can  be  rigid  or  made  of  a  suitable  flexible 
material  in  which  the  elements  are  folded. 

Radome.  The  fragile  high-frequency  elements  are  protected  by  a  foam 
radome  w'hich  does  not  affect  performance. 

Coax  cables.  Coaxial  cables  are  located  in  the  interior  of  the  stem. 
They  excite  the  four  feed  strips  at  the  tip  of  the  array,  and  provide  a  suit¬ 
able  RF  connector  at  the  back  of  the  antenna.  This  method  of  exciting  the 
antenna  requires  the  use  of  a  beamforming  network  to  achieve  circular  po¬ 
larization. 

Inductors.  The  inductors  consist  of  magnet  wire  wrapped  around  a 
threaded  dielectric  core  and  soldered  in  series  between  the  feeder  strip  and 
the  base  of  the  elements.  The  core  is  threaded  to  assure  repeatability  of 
indu  ;a  'ce  values  by  maintaining  uniform  spacing  between  wire  turns.  The 
design  is  illustrated  in  Figure  5. 
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Figure  5.  Inductor  Coil 
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5.0  Characteristic  Impedance  of  Shaped  Elements 

As  stated  in  the  previous  section,  the  dipole  elements  are  tapered  in 
width  and  are  semi-flat,  rather  than  being  uniform  round  rods  as  in  most 
LPDAs.  Both  the  flattening  and  the  tapering  have  an  influence  on  the  char¬ 
acteristic  impedance  of  the  dipole  elements.  This  is  significant  because  the 
feed  line  impedance  required  to  achieve  a  desired  antenna  input  impedance 
is  a  function  of  the  element  characteristic  impedance.^  The  average  charac¬ 
teristic  impedance,  Za  of  a  dipole  element  is 

Za=  120[ln(h/a)  -  2.25]  (1) 

where  h/a  is  the  length-to-radius  ratio  for  a  circularly  cylindrical  dipole 
element.  For  elements  that  are  not  circularly  cylindrical  (see  Figure  6),  an 
“equivalent  h/a”  is  required,  (h/a)eq.  Elliott®  examines  this  for  an  ellipti- 
cally  shaped  dipole,  which  leads  to  the  following  expression  for  equivalent 
h/a; 


(h/a)eq  =  h/[(b+c)/2]  (2) 

The  elliptically  shaped  dipole  is  actually  a  general  case  which  includes 
the  special  cases  of  circular  (where  c=b)  and  flat  rectangular  (where  c<b). 
For  the  latter  case,  the  equation  reduces  to 

(h/a)gq-  2h/b.  (3) 


Since  Wf  =  2b,  the  above  can  be  expressed  as 


(h/a)gq=  4h/w^  (flat  rectangular  element).  (4) 
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Testing  of  circular,  flat  rectangular  and  flat  tapered  monopole  elements 
on  a  ground  plane  verifies  the  above  relation  experimentally,  and  also  pro¬ 
vides  an  empirical  relation  for  flat  tapered  elements, 

(h/a)gq=  8h/w^  (flat  4:1  tapered  elements).  (5) 

The  strip  transmission  line  is  designed  using  the  above  relation  to 
achieve  the  desired  antenna  input  impedance. 


a.  Circular  b.  Elliptical  c.  Flat  rectangular  d.  Flat  tapered 

Figure  6.  Dipole  Element  Types 

6.0  Measurements  and  Results 

The  antenna’s  radiation  patterns  (contours)  and  input  impedance 
(VSWR)  were  measured.  Figures  7  and  8  show  sample  contours.  The  first 
contour  is  for  the  LPDA  with  full-length  elements,  the  second  is  at  the  same 
frequency  for  the  LPDA  with  truncated  and  base-loaded  elements.  Figure  9 
illustrates  the  measured  VSWR  in  the  truncated  region  of  the  LPDA  com¬ 
pared  to  the  predicted  VSWR,  showing  good  agreement. 

7.0  Conclusions 

Profile  reduction  of  a  large  LPD  antenna  has  shown  itself  to  be  feasible 
and  practical.  Designing  the  elements  for  compact  storage  is  an  attractive 
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feature  which  does  not  sacrifice  too  much  in  RF  performance.  Inserting 
inductive  coils  at  the  bases  of  the  elements  allows  the  antenna  size  to  be 
reduced,  and  does  not  prevent  the  elements  from  folding. 

Analysis  and  tests  show  that  the  base  loading  does  not  significantly 
affect  the  mutual  coupling  between  elements.  Hence,  the  procedure  for  de¬ 
termining  the  amount  of  inductance  required  is  straightforward;  choose  an 
inductor  which  forces  the  shortened  element  to  resonate  at  the  same  fre¬ 
quency  as  its  full-length  counterpart.  The  inductor  design  is  quite  simple 
and  straightforward;  no  ferrite  cores  are  required  and  there  is  no  risk  of 
damaging  the  inductors  or  elements  as  the  antenna  is  unfolded. 

This  technique  can  be  attractive  for  low-frequency  LP  antennas.  Fold¬ 
ing  the  elements  in  a  cylindrical  shell  allows  the  antenna  to  be  easily  trans¬ 
ported  in  a  minimum  amount  of  space. 

The  shape  of  the  elements  affects  their  characteristic  impedance  and 
must  be  considered  in  designing  the  antenna  for  a  desired  input  impedance. 
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A  PRINTED  CIRCUIT  LOG  PERIODIC  DIPOLE  ANTENNA  WITH  AN 
IMPROVED  STRIPLINE  FEED  TECHNIQUE 
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ABSTRACT 

A  printed  circuit  lag-periodic  dipole  antenna  with  100  percent  bandwidth  is  introduced. 
This  antenna  has  an  improved  stripline  feed  technique  that  differs  from  those  previously 
found  in  the  literature.  A  method  of  reducing  the  antenna  width  to  less  than  k/6  at  the 
lowest  frequency  is  also  presented  to  permit  the  antenna  to  operate  in  a  grating  lobe  free 
phased  array.  Return  loss,  gain,  and  beamwidths  are  also  presented. 

1.0  INTRODUCTION 

Operation  of  an  active  phased  array  over  a  wide  bandwidth  places  severe  requirements 
on  the  individual  radiators.  Such  radiators  must  demonstrate  good  impedance  characteris¬ 
tics.  high  gain,  broad  beamwidths,  and  be  easily  manufactured.  In  addition,  for  bandwidths 
approaching  the  order  of  100  percent,  the  element  width  must  be  less  than  a  half-wave¬ 
length  at  the  low  frequencies  to  fit  into  a  grating  lobe  free  array. 

This  paper  presents  a  printed  circuit  log-periodic  dipole  (LPD)  antenna  designed  to  meet 
these  requirements.  The  design  introduces  a  stripline  feed  technique  that  differs  from  those 
previously  found  in  the  literature.  This  technique  provides  a  wideband  impedance  match 
using  substrates  of  equal  thickness  and  readily  available  design  data.  The  dipole  lengths 
and  separations  were  found  by  modifying  the  LPD  spacing  factor,  O,  to  account  for  the 
effects  of  the  dielectric.  The  design  also  presents  a  practical  method  of  reducing  the  ele¬ 
ment  width  by  shaping  and  loading  the  printed  dipoles.  Test  results  for  a  6  to  18  GHz 
design  are  also  presented. 


2.0  FEED  DESIGN 

The  basic  geometry  of  the  feed  structure  along  with  the  dipole  placements  is  shown  in 
Figure  1 .  It  should  be  noted  that  there  are  three  major  transitions  required  for  the  feed 
structure:  the  connector-to-stripline  interface,  stripline-to-parallel  wire  feed  line  balun 
at  the  apex,  and  the  termination  of  the  parallel  wire  feed  line  beyond  the  largest  radiating 
dipole.  For  the  printed  circuit  LPD  antenna,  the  transition  between  the  siripline  (SL)  and 
parallel  wire  (PW)  line  becomes  the  most  challenging.  This  is  because  the  stripline,  which 
brings  the  signal  from  the  connector  to  the  antenna  apex,  uses  the  two  conductors  of  the 
PW  feed  as  its  two  ground  planes.  A  further  constraint  is  that  the  SL-PW  balun  requires 
a  four-to-one  impedance  transformation  as  outlined  by  Pantoja  (1). 
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Figure  I.  Printed  Circuit  Log-Periodic  Dipole  Antenna 

Campbell  (2)  first  presented  the  stripline  feed  design  but  neglected  the  required  four-to- 
one  impedance  ratio.  His  design  used  a  stripline  feed  with  a  narrow  center  conductor  so 
that  fringing  fields  of  the  noninfinite  ground  planes  could  be  neglected.  Also,  with  a  narrow 
center  conductor,  its  effects  on  the  PW  feeder  line  could  be  ignored.  Two  techniques  have 
been  proposed  in  the  literature  to  account  for  the  four-to-one  impedance  ratio  at  the  ba- 
lun.  The  first  uses  two  substrates  of  unequal  thickness  to  place  the  SL  center  conductor 
asymmetrically  between  its  ground  conductors  (3),  thereby  lowering  the  SL  impedance 
relative  to  the  PW  impedance.  This  method  tends  to  be  limited  to  approximately  a  three- 
to-one  impedance  ratio  for  practical  substrate  thicknesses.  The  second  technique  uses  a 
wide  center  conductor  but  takes  its  effects  into  account  by  using  finite  element  analysis 
to  calculate  the  effective  dielectric  constants  and  characteristic  impedances  of  the  SL  and 
the  PW  feed  (1). 

The  design  presented  here  retains  much  of  the  simplicity  of  Campbell’s  initial  design 
by  using  three  impedance  transformers  to  permit  both  a  four-to-one  balun  and  a  narrow 
center  conductor.  The  first  transformer  converts  a  nominal  50-ohm  impedance  of  a  coax 
connector  to  a  high  impedance  SL,  thus  creating  a  narrow  center  conductor.  At  the  apex- 
balun  region  past  the  smallest  dipole,  the  high  SL  impedance  is  lowered  by  increasing  the 
center  conductor  width.  Since  the  SL  impedance  was  increased  from  50  ohms  at  the  con¬ 
nector,  it  would  be  difficult  to  lower  the  impedance  of  the  SL  to  a  quarter  of  the  PW  line 
impedance  by  only  increasing  the  center  conductor  width.  Therefore,  to  assist  in  the  transi- 
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tion.  the  PW  line  has  its  impedance  increased  by  reducing  the  outer  conductor  line  widths 
at  the  balun. 

The  feed  design,  along  with  the  printed  dipoles,  is  shown  schematically  in  Figure  2.  The 
antenna  structure  consists  of  two  laminated  0.015-inch  polyimide  substrates  (Cj.  =  4.5, 
tan  8  =  0.01).  The  input  impedance  of  the  LPD  radiating  structure  was  chosen  to  be 
50  ohms,  which  corresponds  to  a  PW  impedance  of  60  ohms  and  a  conductor  width  of 
0.065  inch.  Each  of  the  transformers  was  of  a  three-section  Tchebyscheff  design.  The 
transformer  at  the  connector  raises  the  50-ohm  connector/stripline  impedance  to  75  ohms 
by  decreasing  the  center  conductor  width  from  0.035  to  0.005  inch.  The  two  other  trans¬ 
formers  occur  at  the  apex-balun.  Here,  one  tran.<'former  decreases  the  SL  impedance  to 
22  ohms  by  increasing  the  center  conductor  width  to  0.040  inch;  simultaneously,  the  two 
outer  conductor  widths  are  reduced  to  0.040  inch  to  raise  the  input  impedance  of  the  LPD 
structure  to  88  ohms.  Subsequently,  the  four-to-one  balun  is  created  by  shoning  the  center 
conductor  of  the  22-ohm  SL  to  the  bottom  conductor  of  the  88-oh.m  PW  feed  and  leaving 
the  top  conductor  open  circuited. 


3.0.  LPD  DESIGN 

The  radiating  structure  design  starts  by  finding  the  parameters  for  a  free-space  LPD 
antenna  given  the  desired  directivity,  bandwidth,  and  input  impedance.  The  design  uses 
the  work  by  DeVitto  and  Stracca  (4,5)  which  is  a  refinement  of  the  original  design  proce¬ 
dures  (6,7).  The  directivity  of  the  free  space  design  was  chosen  as  9  dB;  this  corresponds 
to  a  scale  factor.  T,  of  0.88  and  a  relative  spacing,  a.  of  0.17.  With  these  parameters, 
the  number  of  dipoles,  N,  was  found  to  be  12.  The  desired  input  impedance  for  the  LPD 
structure  was  chosen  to  be  50  ohms.  The  dipole  average  characteristic  impedance  was  de¬ 
termined  to  be  254  ohms,  and  the  required  feed  line  impedance  was  60  ohms.  From  these 
values,  the  dipole  lengths,  spacing,  and  diameters  were  derived. 

The  second  .step  in  the  design  was  to  account  for  the  effects  of  the  dielectric  on  the 
dipole  lengths  and  spacings.  This  was  done  by  changingthe  spacing  factor  while  maintaining 
the  sam^  s^ale  factor  for  the  above  design.  The  value  of  O  was  modified  according  to  the 
equation: 

*^diel.“  ^air  / 

V  V 

where  €p^  is  the  effective  dielectric  constant  of  the  PW  feeder  line.  The  value  e^j  is  the 

effective  dielectric  for  the  dipole  on  the  substrate  and  was  determined  to  be  1.9  by  the 
method  outlined  by  Campbell. 
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Figure  2.  Electrically  Narrow  LPD  with  Transformer  Feed 

Since  the  center  conductor  is  narrow  relative  to  the  two  outer  conductors,  its  effects 
on  the  PW  feed  line  can  be  neglected.  For  this  design,  the  value  of  was  determined 

to  be  3.7  using  Wheeler’s  (8)  design  data.  The  new  value  of  O  was  found  to  be  0. 12.  The 
method  of  modifying  o  is  equivalent  to  the  procedure  used  by  Pantoja,  who  reduced  the 
dipole  lengths  and  separation  from  the  free  space  values  by  a  factor  of 

1/V  and  1/  V^pw  '  respectively 

Using  the  new  value  of  a,  the  dipole  lengths  and  separations  can  be  calculated.  The 
width  of  each  dipole  can  be  calculated  as  4  x  a,  where  a  is  the  calculated  radius  for  the 
dipole  (9). 

4.f)  ELEMENT  WIDTH  REDUCTION  AND  PERFORMANCE 

The  goal  of  this  LPD  was  to  operate  over  the  6  to  18  GHz  bandwidth  and  be  able  to 
fit  into  a  grating  lobe  reduced  array  lattice.  This  required  that  the  element  be  no  more 
than  0.31  inch  in  total  width,  which  is  less  than  A./6  at  the  lowest  frequency.  Several  tech¬ 
niques  were  employed  to  achieve  this  dimension  and  maintain  the  A./2  dipole  resonance 
at  the  lower  frequencies.  The  first  technique  was  to  use  a  substrate  with  a  dielectric  constant 
of  4.5  (polyimide).  This  reduced  the  width  by  approximately  20  percent  over  an  equivalent 
design  with  a  dielectric  constant  of  2.3  (PTFE).  Although  using  an  even  higher  dielectric 
constant  would  further  reduce  the  width,  an  increase  in  substrate  thickness  would  be  re- 
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quired  to  maintain  the  desired  SL  and  PW  impedances.  This  increase  in  thickness  could 
cause  tilting  of  the  element  patterns  (10)  at  the  higher  frequencies. 

A  funher  width  reduction  of  approximately  .10  percent  was  achieved  by  tilting  the  dipoles 
forward  45  degrees.  Through  a  method  of  moment  analysis  (11)  of  a  free  space  dipole, 
the  beamwidth  was  broadened  while  only  slightly  raising  the  resonant  frequency.  The  low 
frequency  dipoles  which  were  still  too  large  were  then  truncated,  and  capacitive  top-hat 
loading  was  applied. 

After  testing  this  design,  it  was  determined  that  the  top-hat  loaded  dipoles  had  improved 
patterns  and  gain  over  the  straight  tilted  dipoles.  F.mpirically  it  was  determined  that  all 
dipoles  should  have  a  top-hat  length.  P.  of  about  .35  percent  of  the  total  dipole  length 
(I,  +  P). 

In  order  to  meet  the  desired  element  width  and  to  eliminate  excessive  overlap  of  the 
top-hats  for  adjacent  dipoles,  the  last  four  dipoles  had  equal  lengths  (I.)  and  top-hats 
(P).  If  left  unaltered,  these  dipoles  would  have  a  desired  resonant  frequency  around 
8,9  GHz  corresponding  to  the  desired  resonant  frequency  of  the  fourth  largest  dipole.  To 
improve  the  low  frequency  performance,  a  thin  coating  (12)  of  high  dielectric,  electrically 
and  magnetically  lossy  material  (Eccosorb  (13)  CRSl  17,  Cj.  =  21.4  -  j.42,  =  1.2  -jl.63 

at  8.6  GHz)  was  applied  to  the  last  three  dipoles  and  the  corresponding  section  of  the 
PW  feed  line.  The  high  dielectric  constant  lowers  the  magnitude  of  the  reactance  of  the 
dipoles  by  lowering  their  resonant  frequency.  The  high  loss  characteristics  of  the  Eccosorb 
lossy  material  serves  to  raise  the  input  resi.stance  of  the  dipoles  and  increases  the  attenua¬ 
tion  of  the  signal  traveling  towards  the  short  circuit  terminating  the  PW  feed  line.  This 
attenuation  is  necessary  to  reduce  the  magnitude  of  the  reflected  signal  from  the  short 
circuit,  which  can  cause  anomalous  behavior  (14)  in  the  element  performance. 

The  final  design,  with  the  addition  of  the  load  material,  was  fabricated  and  its  perform¬ 
ance  was  measured.  Figure  3  shows  the  return  loss,  which  was  better  than  10  dB  from 
6.2  to  18  GHz.  The  element  gain  was  measured  at  0.1  GHz  increments  and  is  shown  in 
Figure  4,  Also  shown  is  the  dielectric  loss  associated  with  the  SL  feed  and  caused  by  the 
high  loss  tangent  of  the  material.  This  loss  accounts  for  the  decrease  in  gain  ;.t  the  higher 
frequencies.  Patterns  were  measured  at  0.5  GHz  increments,  and  showed  cross-polariza¬ 
tion  levels  better  than  20  dB  down  from  the  main  polarization  over  120°  beamwidth.  E- 
and  H-plane  beamwidths  are  shown  in  Figure  5. 

5.0  CONCLUSIONS 

A  printed  circuit  log-periodic  dipole  antenna  operating  over  a  100  percent  bandwidth 
was  presented.  The  design  introduces  an  alternative  stripline  feed  technique  which  uses 
three  impedance  transformers  to  achieve  the  required  four-to-one  impedance  ratio  at  the 
balun.  The  dipole  lengths  and  separations  were  found  by  a  method  similar  to  those  pre¬ 
viously  reported.  The  design  was  electrically  narrow  at  the  low  frequency  so  that  it  could 
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fit  into  a  grating  lobe  reduced  lattice.  Measured  performance  of  the  radiator  was  shown 
to  demonstrate  the  usefulness  of  the  design. 

Future  work  for  this  element  will  involve  finding  a  lower  loss  substrate,  modifying  the 
balun  area  to  reduce  its  length  and  maintain  its  performance,  and  increasing  the  parallel 
wire  feed  impedance  and  scale  factor  to  improve  the  efficiency.  Also,  a  small  test  array 
will  be  fabricated  to  verify  its  performance  in  an  array  environment. 
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ABSTRACT 

Half  wave  dipole  antenna  has  been  used  during  many 
years  in  free  space  and  over  artificial  or  physical 
ground  in  HF,  VHF  and  UHF  operations.  It  was  used  alone 
or  in  large  arrays,  because  of  its  simplicity  and  high 
radiation  efficiency.  Nevertheless  half  wave  "V"  dipole 
and  its  perfomance  are  not  so  well  treated  in  technical 
literature.  For  this  reason  characteristics  of  this 
useful  antenna  are  presented  here  where  input  impedance 
and  radiation  patterns  are  treated  in  theoretical  and 
practical  form  for  different  dipole  wiirg  angle  "TS"  and 
length-diameter  relationship. 

INTRODUCTION 

Half  wave  dipole  antenna  has  been  studied  since 
long  time  ago  and  it  is  one  of  the  most  popular,  effi¬ 
cient  and  used  antennas  all  over  the  radioelectric  spec¬ 
trum.  I.  ots  of  papers  have  been  written  analyzing  their 
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impedance  and  radiation  properties  for  several  length- 
diameter  relationship.  Different  approaches  have  been 
developed  in  order  to  obtain  their  characteristics  as 
exact  as  possible  compared  with  the  measured  practical 
models.  These  characteristics  depart  quite  a  lot  from 
the  theoretical  very  thin  dipoles  especially  in  VHP  and 
UHF.  In  these  particular  cases  length-diameter  relation¬ 
ship  is  generally  low  and  the  dipole  has  the  mechanical 
properties  of  self  supporting  in  space  with  only  the 
feeding  line  structure.  For  moderate  to  low  length-dia¬ 
meter  relationship  the  sinusoidal  current  theory  fails 
completely  to  determine  their  characteristics  and  for 
this  reason  one  of  the  best  approaches  used  lately  is 
the  method  of  moment  theory. 

Several  computer  programs  have  been  made  to  analyze 
them  even  for  P.C.  Nevertheless  measurements  are  always 
useful  in  order  to  know  the  under  test  antenna  characte¬ 
ristics  and  especially  those  of  very  complicated  mecha¬ 
nical  structures  whose  analysis  is  quite  difficult  to 
simulate  or  in  other  cases  to  compare  with  theoretical 
approaches . 
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FREE  SPACE  HAI F  WAVE  "V"  DIPOLE  CHARACTERISTICS 


Analysis  of  a  free  space  input  impedance  and  ra¬ 
diation  pattern  using  moment  method  theory  is  made  in 
classical  form  where  the  linear  dipole  is  placed  along 
the  Z  axis.  Figure  1  shows  the  "V"  dipole  geometry  in 
free  space.  "V"  dipole  is  contained  in  the  YZ  plane 
and  the  wing  angle  is  taken  from  the  Z  axis  because 

the  classical  linear  dipole  is  taken  as  reference  and 
its  angle  is  zero.  "H"  is  the  half  antenna  length 

and  "a"  is  the  wire  radius.  Generally  half  wave  antenna 
"H"  is  always  a  little  bit  shorter  than  in  order 

to  obtain  dipole  resonance  depending  on  the  length-  dia¬ 
meter  relationship.  Here  its  value  is  taken  as  0.24^^ 
for  any  practical  or  theoretical  cases.  Figure  2  shows 
the  input  impedance  values  of  a  typical  dipole  as  a  fun¬ 
ction  of  ""25  "  angle  and  H/a  relationship  for  center  band 
frequency  fo-  It  can  be  seen  that  an  increase  in 
angle  leads  to  a  decrease  of  input  resistance  values 
and  an  increase  of  input  capacitive  reactance  typical 
of  shorter  antennas.  Hence  this  effect  produces  a  de- 
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creiise  in  radiation  resistance  and  directivity.  To  com¬ 
pensate  this  effect  larger  H  values  must  be  used  as  "ZT'’ 
angle  is  increased.  Nevertheless  is  important  not  use 
very  high  "  }S  "  angle  values  because  the  "V"  dipole  trans 
forms  itself  in  a  parallel  wire  transmission  line  with 
very  low  radiation  resistance  and  almost  no  radiation. 
F’igure  3  shows  input  impedance  values  near  center  fre- 
tjuency  for  a  typical  HF  and  VHF  "V"  dipole  where  H/a  is 
360U  and  100  respectively.  Figure  4  shows  calculated  ty¬ 
pical  imput  impedance  referred  to  50  ohms  as  a  function 
of  "S’"  angle  and  frequency  for  several  H/a  relationship 
These  H/a  relationship  are  am'ong  those  most  used  in  pra¬ 
ctice,  so  a  general  view  of  a  "V"  dipole  behavior  can 
be  seen.  In  the  same  figure,  "IT"  angle  curve  for  40 
degrees and  for  any  value  of  H/a  relationship  gives  the 
best  match  to  50  ohms  feeding  lines.  Figure  5  shows  a 
comparison  of  measured  and  calculated  input  impedance 
values  for  "  4  0  degrees  where  good  agreement  is 

achieved.  Some  departure  can  be  seen  for  low  H/a  rela¬ 
tionship  due  to  the  feeding  point  geometry  effects. 

X I '  V e  r  t  h 1  e s ,s  good  matching  to  50  ohms  is  obtained  near 
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center  frequency  band  without  any  other  additional  mat¬ 
ching  system  as  measured  models  suggested.  Similar  re¬ 
sults  for  other  "Zf"  angles  are  obtained.  "V"  dipole 
radiation  patterns  are  modified  as  "IT"  angle  is  in¬ 
creased  in  both  horizontal  and  vertical  plane.  Nulls 
of  vertical  plane  radiation  patterns  are  filled  in  and 
departure  from  omn i d i r ec t iona 1 i t y  in  horizontal  plane 
radiation  patterns  are  obtained.  Fill  in  in  vertical 
radiation  pattern  nulls  is  due  to  a  decrease  in  cross 
polarization  relationship  for  S  =0°and  0=180?  Calcu¬ 
lated  cross  polarization  is  very  low  (less  than  -40  dB) 
for  0  =90°  for  any  "V"  angle  and  for  any  H/a  relation_ 
ship.  Figure  5  and  table  1  show  radiation  patterns  in 
horizontal  and  vertical  planes  and  directivity  in  equa¬ 
torial  plane  as  a  function  of  <j)  angle  and  H/a  Relation¬ 
ship.  Very  small  directivity  variations  (less  than  a 
tenth  of  dB)  are  obtained  for  any  value  of  H/a  and  these 
variations  are  even  smaller  as  angle  is  increased. 
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Figure  2.  Free  space  "V"  dipole  input  impedance  as  a 
function  of  and  H/a. 
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Figure  3  a.  Free  space  "V"  dipole  input  impedance 
near  center  frequency  as  a  function  of 
angle. 
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Figure  3  b.  Free  space  "V"  dipole  input  impedance 
near  center  frequency  as  a  function  of 
angle. 
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GROUND  PLANE  "V'DIPOLE  CHARACTERISTICS 

To  determine  the  radiation  and  impedance  characte¬ 
ristics  the  half  wave  "V"  dipole  is  placed  over  a  ground 
plane  whose  conductivity  is  varied  from  infinity  to  low 
values  typical  of  low  conductivity  soils.  angle 

is  varied  from  zero  (classical  horizontal  half  wave  di¬ 
pole)  to  70  degrees  if  driving  point  height  permits. 

In  this  case  "V"  dipole  antenna  is  called  generally  in¬ 
verted  "V"  dipole  antenna  and  is  very  popular  because 
it  needs  only  one  supporting  pole.  This  makes  it  suit¬ 
able  for  HF  portable  civilian  and  military  confm unications 
and  other  applications.  The  center  supporting  pole  per¬ 
mits  to  place  a  driving  point  balun  on  it  improving  the 
dipole  radiation  characteristics  through  outside  shield 
line  current  elimination  in  coaxial  feeding  lines.  For 
VHF  and.UHF  applications  half  wave  "V"  dipole  is  placed 
generally  over  metal  ground  planes  and  its  behavior  is 
(luite  similar  as  infinite  conductivity  ground  plane 
where  radiation  along  the  metal  sheet  is  almost  zero  if 
size  is  vfv  large  in  wavelengths.  If  not  edge  diffrac¬ 
tion  radiation  will  occur.  Here  infinite  extention  of 
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ground  plane  is  considered.  Figure  7  shows  the  "V"  di¬ 
pole  geometry  over  ground.  Input  impedance  values  have 
been  calculated  and  can  be  seen  in  figure  8  and  9  as  a 

function  of  angle  and  height  h  over  the  ground  plane 

* 

for  a  typical  hF  and  VHF  inverted  "V"  dipole  at  center 
frequency.  Among  them  a  40°  "  "  angle  inverted  "V"  di¬ 

poles  have  input  impedance  values  close  to  50  ohms  for 
h/X^  between  0.2  and  .55  and  for  any  H/a  relationship 
commonly  used  in  practice.  Input  impedance  as  a  function 
of  frequency  and  anfele  can  be  seen  in  figure  10. 

Comparison  between  calculated  and  measured  input  impe¬ 
dance  "V"  dipole  values  is  shown  in  figure  11  and  typi¬ 
cal  HF  "V"  dipole  input  impedance  as  a  function  of  height 
at  center  frequency  can  be  seen  in  figure  12  for  three 
values  of  dipole  length  and  for  a  ."7f"  angle  of  40  degree. 
In  the  same  figure  measured  values  for  h/X^=0.24  can  be 
seen  too.  Good  matching  to  50  ohms  lines  could  be  obtai¬ 
ned  without  matching  units,  choosing  the  proper  dipole 
1  f'  n  g  t  h  . 

Inverted  "V"  dipole  radiation  properties  depend  on 
dipole  driving  point  height  over  the  ground  plane  and 
soil  conductivity.  Maximum  directivity  decreases  as  "Tf" 
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angle  increases  due  to  an  increase  in  radiation  pattern 
beanwidth  and  null  fill  in.  Calculated  maximum  directi¬ 
vity  as  a  function  of  "JT"  angle  and  ground  conductivity 
is  shown  in  table  2  for  different  antenna  height.  In 
average  soil  conductivity  and  relative  dielectric  con¬ 
stant  are  taken  as  0.01  siemens/m  and  20  respectively 
and  for  poor  soil  0.001  siemens/m  and  4.  Typical  HF  ra¬ 
diation  patterns  between  0.25  and  0.5  wavelength  in  height 
and  for  a  40°  inverted  "V^'  dipole  are  shown  in  fi¬ 

gure  13.  Loss  of  directivity  is  generally  less  or  around 
1  dB  for  "if  "  angles  between  0  and  40  degrees  and  for 
soil  conductivities  higher  than  0.01  siemens/m. 

angle  effect  on  radiation  patterns  can  be  seen  in 
figure  14  for  a  perfect  conductivity  soil.  Similar  effect 
for  less  conductive  soils  is  obtained. 

CONCLUSIONS 

Half  wave  "V"  dipole  has  been  analyze  in  free  space 
and  over  ground  plane.  Results  can  be  very  useful  in 
designing  HF  or  VHF-UHF  systems  in  order  to  choose  a 
self  impedance  matching  for  50  ohms  lines  or  to  obtain 
th(.>  proper  radiation  pattern.  Input  impedance,  radiation 
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or  directivity  pattern  have  been  determined  in  any  case 
and  only  few  cases  can  be  seen  here  in  order  to  be  syn¬ 
thetic.  Nevertheless  given  data  intend  to  be  as  complete 
as  possible  in  all  aspects. 
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CALCULATED  MAXIMUM  DIRECTIVITY  dBI 
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Figure  8.  Inverted  "V"  dipol?  input  resistance  as  a  function 
of  "5"  angle  and  Height  h/X  . 


function  of  "y"  angle  and  height  h/X  . 
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Figure  10.  Typical  HF  inverted  "V"  dipole  input  impedance 
as  a  function  of  "V"  angle  and  frequency. 


Figure  11.  Comparison  between  measured  and  calculated 
inverted  "V"  dipole  input  impedance  values. 


Fij;ure  13.  Inverted  "V"  dipole  directivity  as  a  function 

0  '  angle  and  soil  conductivity  in  siemens/m 
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I'D'ure  14.  "3’"  angle  effect  on  inverted  "V"  dipol( 

radiation  pattern  and  directivity. 
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COMPACT  HIGHLY  INTEGRATED  DUAL  LINEAR  ANTENNA  FEED 


Joseph  A.  Smolko 
Daniel  M.  Earley 
Daniel  J.  Lawrence 
Michael  J.  Virostko 

Raytheon  Company 
Missile  Systems  Division 
Tewksbury,  MA  01876-0901 
Abstract 

Active  array  antenna  feed  designs  are  facing  increasingly  severe  design  require¬ 
ments.  Microwave  distribution  networks  are  used  lo  feed  active  element  T/R 
modules  in  a  prescribed  fashion.  A  row/column  architecture  is  often  chosen  to 
facilitate  module  cooling  system  design.  This  necessitates  the  need  for  multi¬ 
function  linear  feed  assemblies.  Typically  these  feeds  require  low-sidelobe  re¬ 
ceive  sum  and  difference  illuminations,  along  with  a  separate  uniform  transmit 
illumination  in  the  interest  of  module  efficiency.  Perhaps  the  most  stringent  re¬ 
quirement  is  that  the  feed  has  to  be  extremely  compact,  not  only  in  profile,  but 
also  in  depth.  A  Compact  Highly  Integrated  Dual  Linear  Antenna  Feed  was  re¬ 
cently  developed  that  meets  all  these  contrasting  requirements. 

1.  Introduction 

This  antenna  feed,  shown  in  Figure  I,  provides  independent  transmit,  receive 
sum  and  receive  difference  functions  in  an  extremely  compact  design.  The  net¬ 
work  is  made  compact  primarily  by  taking  advantage  of  a  series  architecture 
to  reduce  overall  depth  and  by  using  specially  designed  feed-thru  transitions  so 
that  the  microwave  signal  can  be  routed  vertically  in  addition  to  being  routed 
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only  horizontally  as  in  conventional  layouts.  This  particular  design  uses  plug-in 
connectors  to  feed  10  T/R  modules  mounted  on  a  coldplate  cooling  assembly. 
The  feed  has  three  channel  interfaces  (Transmit,  Receive  Sum,  and  Receive 
Difference)  and  20  array  interfaces  (10  Transmit,  10  Receive)  as  illustrated  in 
Figure  2.  The  feed  architecture  employs  a  separate  2:10  center-fed  series  re¬ 
ceive  feed  and  a  1:10  end-fed  series  transmit  feed  integrated  into  a  single  as¬ 
sembly  with  inputs  and  outputs  occurring  in  the  same  plane.  The  series  nature 
of  the  feed  reduces  the  depth  of  the  assembly  at  the  expense  of  limiting  the  in¬ 
stantaneous  bandwidth.  The  operating  bandwidth  exceeds  40  percent  and  is 
centered  around  8.5  GHz. 


Figure  1.  Compact  Highly  Integrated  Dual  Linear  Antenna  Feed 
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Figure  2.  Feed  Outline  Drawing 


2.  Feed  Architecture 

The  receive  feed  employs  a  center-fed  series  dual-rail  ladder  (more  specifically 
Lopez*)  architecture  as  shown  in  Figure  3.  The  sum  illumination  is  a  20  dB 
linear  Taylor  (NBAR=3)  and  the  independent  simultaneous  difference  illumi¬ 
nation  uses  a  sinusoidal  ramp  across  the  central  elements  to  achieve  a  low- 
sidelobe  difference  pattern.  In  this  configuration,  the  sum  illumination  appears 
wholly  on  the  first,  or  primary  rail,  while  the  difference  illumination  is  realized 
as  a  linear  combination  of  coupled  outputs  from  the  primary  and  secondary 
rails.  The  secondary  rail  only  spans  the  central  elements,  as  the  delta  illumina- 
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tion  tracks  the  sum  identically  at  the  outer  elements  of  the  array.  Error-free 
predicted  patterns  for  the  receive  illuminations  are  shown  in  Figure  4.  The 
transmit  feed  utilizes  an  end-fed  uniform  series  feed  architecture  as  sho.vn  in 
Figure  5. 


Thorough  computer  models  to  determine  coupler  values  and  interconnecting 
linelengths  for  these  series  feeds  were  developed  under  this  effort.  These  mod¬ 
els  account  for  the  coupler’s  ideal  frequency  characteristic  and  the  frequency- 
dependent  dissipative  loss  i  the  structure.  The  programs  ultimately  design  the 
feed  network  and  predict  performance  and  errors  as  a  function  of  frequency. 
These  tools  proved  to  be  quite  accurate  as  measured  data  on  the  completed 
feeds  correlated  well  with  predicted  performance. 


3.  Implementation 

Both  transmit  and  receive  feeds  are  implemented  in  a  0.067  in.  (0.031  -  0.005 
-  0.031)  offset  stripline  medium;  variable  overlap  couplers  are  used  to  direct 
energies  in  the  desired  fashion.  Two  of  these  0.067  stripline  assemblies  are 
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Figure  4.  Error-Free  Receive  Patterns 
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Figure  5.  Transmit  Architecture 

then  bonded  together  to  form  a  single  integral  structure  that  includes  both 
functions.  The  most  innovative  aspect  of  the  design  is  that  the  transmit  and  re¬ 
ceive  feeds  are  not  completely  segregated  each  on  their  own  stripline  board, 
rather  the  microwave  energy  is  routed  back  and  forth  between  the  layers  to 
make  the  most  efficient  use  of  available  real  estate  in  a  manner  similar  to  that 
of  a  multi-layer  low  frequency  printed  circuit  (PC)  board.  This  “stitching”  be¬ 
tween  layers  is  made  possible  by  the  development  of  a  wideband  microwave 
layer-to-layer  (“piggyback”)  transition  that  behaves  nearly  as  well  as  a  pure 
TEM  transmission  line  from  2  to  18  GHz.  T  his  inventive  device  performs  the 
function  of  transitioning  between  two  stripline  boards  that  are  bonded  togeth¬ 
er,  one  atop  the  other.  The  transition  is  realized  through  simple  sequential 
drilling  and  plating  operations,  which  minimizes  touch  labor  while  maximizing 
producibility.  A  total  of  1 3  of  these  transitions  have  been  employed  on  the  in¬ 
tegrated  feed  assembly.  The“piggyback”  transition  and  measured  VSWR  on  an 
isolated  test  piece  are  shown  in  Figure  6. 
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Another  component  which  is  key  to  this  feed  network  is  the  wideband,  multi¬ 
section  1 80  degree  hybrid  used  to  realize  the  phase  difference  at  the  center  of 
the  feed.  The  classic  ratrace  device  has  only  1 0  percent  bandwidth  which  is  not 
adequate  for  this  design.  By  adding  another  section  to  the  ratrace,  the  band¬ 
width  was  extended  to  greater  than  40  percent.  The  printed  circuit  representa¬ 
tion  of  the  hybrid  along  with  its  data  are  shown  in  Figure  7. 

4.  Measured  Data 

Measured  data  illustrates  that  the  feed  exhibits  adequate  performance  over  the 
specified  bandwidth  for  all  functions.  From  6.5  GHz  to  1 1.5  GHz,  the  average 
VSWR  of  the  input  and  output  ports  is  less  than  1.4:1;  with  a  maximum 
of  2.0:1.  Figure  8  illustrates  the  uniform  transmit  illumination  at  7,  8,  9  and 
1 0  GHz.  The  progressive  droop  as  frequency  increases  is  due  to  both  the  cou¬ 
pler  characteristics  and  the  increasing  dissipative  loss  with  frequency.  Figure 
9  is  the  measured  receive  illumination  also  at  7,  8,  9,  and  10  GHz;  RMS  errors 
across  the  ports  relative  to  the  ideal  illumination  range  from  0.22  dB  to  0.55 
dB.  Finally,  Figure  10  shows  the  magnitude  of  the  difference  illumination 
across  the  band.  This  illumination  shows  more  variation,  and  hence  error  with 
frequency,  as  a  line-length  dependent  phase  difference  between  the  primary 
and  secondary  rail  drives  the  function  synthesis.  This  effect  was  predicted  be¬ 
fore  the  hardware  was  built  and  is  deemed  to  be  tolerable,  as  difference  pattern 
sidelobes  are  still  considerably  better  than  could  be  realized  with  a  simple 
phase  difference.  Overall,  the  feed  provides  all  the  functions  required  by  the 
design  criteria  with  accuracy  that  is  suitable  for  feeding  an  active  array  of  mod¬ 
ules  with  additional  amplitude  and  phase  adjustment  available.  The  design  is 
not  suited  to  passive  arrays  however,  where  extremely  small  errors  are  required 
to  maintain  sidelobe  performance. 
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EXTENDED  BANDWIDTH  HYBRID 
AMPLITUDE  IMBALANCE  OF  BOTH  THE 


extended  BANDWIDTH  HYBRID 
ISOLATION  BETWEEN  PORTS 
13  AND  2-4 


EXTENDED  BANDWIDTH  HYBRID 
PHASE  IMBALANCE  FOR  THE  SUM  (REF.  =  0“) 


Figure  7.  Wideband  180-Degree  Hybrid 
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Figure  10.  Measured  Receive  Delta  Illumination 


5.  Conclusion 

The  novelty  of  the  Compact  Highly  Integrated  Dual  Linear  Antenna  Feed  is 
simply  the  extremely  aggressive  packaging  of  the  distribution  circuitry.  The 
dense  packaging  is  made  possible  primarily  by  the  “piggyback”  feed-thru  de¬ 
sign,  and  also  by  careful  attention  to  detail  in  the  multi-layer  board  layout  and 
specially  designed  components.  Figure  1 1  shows  that,  to  achieve  the  desired 
functions,  the  assembly  incorporates  24  variable  overlap  couplers,  two  1 80  deg 
hybrids,  one  split-tee  power  divider,  27  resistive  terminations,  13  piggy-back 
feed-thrus,  and  23  input/output  connectors  into  a  package  approximately  10 
in.  long  X  3  in.  deep  x  0.150  in.  thick.  This  package  is  thin  enough  to  fit  onto 
coldplates  between  columns  of  tightly  spaced  radiating  elements  and  shallow 
enough  so  that  it  does  not  significantly  degrade  array  depth.  Although  this  feed 
was  designed  specifically  for  a  small  demonstration  array,  further  work  has  re¬ 
cently  been  done  which  indicates  that  longer  feeds  (up  to  40  elements),  needed 
for  full-sized  arrays,  are  feasible  with  minor  changes  in  the  architecture.  Feed 
designs  of  this  type  have  potentially  great  utility  for  use  in  a  variety  of  active 
array  applications  where  multi-functionality  is  required  but  space  is  at  a  pre¬ 
mium. 
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Figure  11,  Feed  Layout 


SHAPEV  BEAM  VESTCM  WITH  A  LIMITEV  SIZEV  APERTURE 


F .Rahman 

TzEz^at  Canada,  Ottoim,  Onta^o ,  Canada. 
mROVUCTJON 

Fan.  6ata.ttitQ.  it  it,  o^t<in  n(LC<Lt,t,an.tj  to  pT.an  th<L  antmna  coverage 

6uch  that  tha  ^attECito.  pow^'i  dit>tti-ibution  ovz'i  the,  6e^vic.e  axea  con.n.et>poncLf> 
to  that  dietated  bij  cormunicationA  tfia^^ic.  and  at  the  t>ame  time  the  ipiZZ 
ove't  to  the  adjacdnt  an.ea  u.ihe'te  ^fieqaeneij  and  on.bit  it,  to  be  coa'icLinated 
min,imaT.  Tn  o\de^  to  achieve  thet,e  fiequitiementt,  shaped  beam  antennat,  an.e 
atiiit,ed.  The  mo6t  eormonZy  oieA  method  Oj^  beam  6haping  in  a  6atetZite  it, 
to  aZitite  an  cvext,ized  xe^leeton.  and  iZJZuminate  it  with  an  optimaZZy  excited 
(^eed  eZementt,.  In  itt,  bax,ic  ionm  each  ^eed  pn.oducet,  a  cin.cuZa'i  eZementaZ 
beam  and  the  t,haped  beam  it,  then  pn.ociuced  thfiough  fitting  o^  thet,e  eiticZet, 
to  the  t>e*ivice  cove'tage  an.ea  at,  6een  ixom  the  t,ateZZite.  Un^tOXtunateZy ,  in 
mot,t  cat,et,  the  texviee  coverage  axeat,  axe  OjJ  ixxeguZax  t,ha/oet>.  Thexc^oxe, 
the  6maZZex  the  eZementaZ  beam  the  bettex  it,  the  beam  shaping.  ObviouAZy , 
a  6maZZex  eZementaZ  beam  demand6  a  Zaxgex  xe^Zectox  t>ize.  Fox  iateZZitet,  the 
covexage  it,  tpeci^ied  tuch  that  the  compZiance  eon  be  made  with  a  xe^Zectox 
tize  that  it  com*xitibZe  with  tateZZite  bat,  and  Zaunch  vehicZe  conitXaintt, 
without  tignifiicantZy  incxeat>ing  the  ovexaZZ  mat>t ,  cott  and  compZex-ity.  A 
detign  exampZe  (iox  beam  thaping  undex  a  situation  whexe  the  xe^Zectox  t>ize 
it,  xe.At’iieted  by  phyticaZ  and  economical  timitationt,  (at,  hat,  been  ut>ed  ^ox 
Anih  E  tytteir,  definition)  it  pXQJtented. 

REFLECTOR  ANV  FEEV  ARRAY  VESIGN 

At  ttated  ptev  iCLitZa ,  beam  thaping  it  achieved  by  combining  the  eZementaZ 
beamt  appiopiiateZy  tuch  that  the  compotite  beam  becomet  cZote  to  the  dej>ixed 
tervice  aiea  at  viewed  ^lom  the  tateZZite.  An  optimum  xe^Zectox  tize  it  that 
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ii'hen  a  ^urth^'i  tnc'tea-ie  in  6-izt  wouCd  not  improve  the  antenna  peA^onminee 
bp  anp  apptec-iabie  amount  because  the  ga-in  a'lea  p^oducd  [1]  at  the  edge 
coverage  app’ioacheA  the  php6icaE  timit  oA^ociated  with  the  beam  6ize  and  beam 
e(i^ic^izncp  [2],  Fo^  a  eo6t  e^^eetiue  design  Anih  E  6atetZitez>  the  php6ieal 
idmitation^  imposed  comtAa-inti  on  the  maximum  ^ize  oi  'le^ieeto'i  which  -iz>  ^ax 
6hoxt  0(5  optimum  t,ize  xequ-ixed  iox  an  e(iiic.ient  bzam  shaping.  Llndex  the^e 
cixcum^tance^  a  jixixtiai  beam  z>haping  can  be  obtccined  bp  an  optimised  phaJ>e 
diitx-ibution  between  ^eed  e£ementz>.  Such  a  beam  hcwevex,  do  not  coxxeztpond  to 
maxim  i^ed  edge  o^  cooexage  gain  az>  can  be  achieved  with  the  optimiz>ed  iaxgex 
xe^iectox.  But  wi*h  pxopex  design  it  can  pxoduce  a  ga-in  cZoie  to  above  and 
beJ>t  0(5  aii  it  genexo-te^  a  shaped  beam  matched  to  the  covexage  with  minimaC 
z>piiiovex  to  adjacent  axeaz,  and  a  ga-in  ciostx-ibutton  cio6e  to  that  demanded  by 
the  txa^i-ic.  The  xequ-ixement  on  An-ik  B  waz>  a  highex  gain  at  the  two  cooAtA 
0(5  U.S.A.  and  a  minimaZ  xadLiation  to  axexLi  adjacent  to  Mex-ico  ^ox  the  puxpoAe 
0^  ^xequencp  and  oxb-itaZ  cooxdinationt.  A  ^uZCp  shaped  beam  with  the  above 
xequ-ixement  demands,  a  xe^Zectox  (,ize  in  the  oxdex  o(5  1.5m  to  2m.  Such  a  shaped 
beam  design  aZ though  wouZd  pxoduce  a  highex  edge  0(5  covexage  with  a  good  gwin 
dvitribution  ovex  the  cove-xage  axea,  wa-f>  not  ^e.a\ibie  on  An-ik  E  iince  the 
6ateiZite  had  to  caxxp  two  othex  Zaxgex  (2m]  antenna->>  (^ox  itt>  pxime  covexage 
xequ-ixement^ . 

The  anaip6i6  u-^eA  php^-icaZ  optics  apextuxe  -integxation  method  [3].  The 
pxinc-ipZe  u-6ed  iz>  that  when  two  adjacent  eZementai  beam6  axe  combined  in  pha^e 
at  ^eed  axxap  the  composite  beam  becomes  an  eiZ-ip6e.  The  shape  0(5  composite 
beam  gxaduaCip  changes  to  ^iguxe  eight  as  the  phase  di((^exentiai  is  incxeased 
(5 tom  zexo .  As  can  be  seen  ^xom  the  -iZZustxat-ions  0(5  Figuxe  1,  the  ga-in  xeduction 
is  phase  dependent.  The  ga-in  at  the  edge  o^  covexage  is  not  xeduced  appxeciabZe 
a  phase  di^exeneiai  o^  upto  60  degxees.  Fox  phase  di^^exencje  above  60  degxeoA 
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^ain  6taXt6  dxoppino  ^ igni^^icuint untdH  the,  design  becomeJ>  too  ine^-iedeyit . 

B(/  a  iuitabUe  a^goxithm  a  combination  o^  amptitude  and  pha6e  between  mutipCe 
(seed  eiojnentA  eoaZd  be  optimised  6o  a^  to  produce  a  shaped  beam  wtth  a  timited 
Aized  xe(Zectox  without  Aign,i(ieantZif  compxomoiing  the  pex(oxmance.  MaxA/num 
phijA-icaZ  A-ize  ava.iZabZe  (ox  knik  E  woA  onZij  1m  which  iA  leAA  than  two  thixd  the 
optimum  A-ize  (oX  a  gain  maximized  deAign.  Ftguxe  1  AhoWA  the  pex(oxmance  tJnat 
couZd  be  achieved  with  an  edge  o(  coveAage  ga-in  maximized  deAign  uAing  a  1  Am 
xe(Zectox  with  equ.iphaAe  (eed  eZementA.  A  coxxzAponding  gain  max,imized  deAign 
with  Im  xe^ZeeXox  iA  Ahown  at  Figuxe  3.  Aa  can  be  Aeen  thiA  doeA  not  pxovide 
the  beam  Ahaping  xequixementA .  A  deAign  exampZe  with  phaAe  adjuAtmentA  iA 
Ahown  at  Figuxe  4.  The  antenna  geometxy  togeXhex  with  (eed  eZement  phoAe  and 
ampZ-itude  excitation  coe((icientA  axe  iZJZutxaXoxL  at  Figuxe  S.  ThiA  deAign 
waA  uAed  aA  the  baA-iA  (ox  Anik  E  AyAtem  de(inition  and  a  contxact  woA  aioaxded 
(ox  conAtxuctxon  o(  two  A)oaeecxn (tA .  The  contxacXox  pxovided  the  (inaJZ  deAign 
and  a  pex(o'mance  cZoAe  to  above  waA  achieved  [4].  The  (ixAt  Anik  E  wiZZ 
be  Zaunced  tn  f-iaxch  1991  and  the  ontennaA  have  been  AucceAA(uZZy  teAted  and 
integxated . 
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ADAPTIVE  ALGORITHMS  FOR  ENERGY  DENSITY  ANTENNAS 
IN  SCATTERING  ENVIRONMENTS 


James  P.  Phillips  Motorola 

Dr.  Donald  Ucci  Illinois  Institute  of  Technology 

ABSTRACT 

Energy  density  antennas  (EDA)  provide  independent  outputs  for  the  E-field  and  » 

the  H-field  energy  and  have  been  described  by  Dr.  William  C.Y.  Lee  and  others. 

These  independent  outputs  can  be  selected  or  combined  to  enhance  or  diminish 
the  strength  of  the  scattered  signal.  In  the  scatter  environment,  the  characteristics 
of  the  fields  change  so  rapidly  that  even  LMS  methods  of  adaptation  impose  an 
impractical  computational  burden.  The  maximal-ratio  combiner  can  optimally 
combine  the  signals  but  is  hardware  intensive.  The  use  of  sub-optimal  adaptive 
algorithms  reduces  the  computational  burden  and  hardware  complexity  to  an 
economical  level  and  the  algorithm  can  then  be  implemented  with  simple  micro¬ 
controllers.  The  methods  described  here  are  based  on  a  finite  state  machine.  The 
hardware  that  is  simulated  and  tested  has  64  states  created  by  four  quadrature- 
phase  shifters  that  process  the  signals  from  the  energy  density  antenna. 

Algorithms  which  require  memory  are  examined  and  compared  to  conventional 
algorithms.  Algorithms  with  memory  will  find  and  attempt  to  track  chaotic  limit 
cycles.  Adaptive  antennas  using  these  algorithms  benefit  in  environments  where 
there  are  a  few  major  scatterers.  As  the  number  of  scatterers  increases,  the  limit 
cycles  become  too  chaotic  and  convergence  is  not  possible. 

1.0  ANTENNA  STRUCTURE 

The  energy  density  antenna  [1]  consists  of  four  conductors  arranged  in  loops  or 

pairs  of  loops  that  can  be  connected  in  sum  and  difference  modes  to  extract 

energy  from  both  the  electric  and  the  magnetic  field  as  shown  in  Fig  1.  This  • 

antenna  shows  advantage  in  multipath  propagation  [2]  such  as  mobile  radio  in 

which  the  receiving  antenna  is  moving  among  many  reflectors  of  the  signal.  In 

this  environment,  the  plane-wave,  relationship  between  the  electric  and  magnetic 

fields  is  not  valid.  With  the.se  many  sources,  the  electric  and  the  magnetic  field 

components  from  each  add  vectorially  and  produce  independent  random  variables 

\3\.  These  random  variables  are  functions  of  the  antenna  location  (X,Y),  a 
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random  variable.  If  only  the  vertical  E-field  polarization,  E^,  is  considered,  then 

the  associated  H-field  consists  of  H„  and  H.. 

*  y 


These  three  fields,  E^,  and 

H,,  are  intercepted  by  the 
antenna  structure  and  produce 
three  outputs  V,^,  and 

V„y.  A  small  loop  in  the  x-z 
plane  (Fig.  1)  has  a  response 
pattern 

|V„yl  =Kcos<J)  (1) 

I^HyP  "  (2) 


A  similar  loop  in  the  y-z  plane 
has  a  response  pattern 


(3) 

(4) 


An  Ez  field  probe  has  the  response  independent  of  angle  (p  as 
|V,J  =  K’ 

|V,J-  =  K’>inV^'os-<t))  =  K''(|V„,p+lV„j,|’) 


(5) 

(6) 


The  output  power  of  the  energy  density  antenna,  VEz%  VHx“  and  VHy%  can  be 
expressed  in  their  quadrature  components. 


V.  ”  =  V  ‘  +  V  ‘ 

’i  /  re.'tl  ^ 

V  ‘  zr  V  '  +  V  - 

’  Mx  ’  Mx-real  ^  '^II.x  irTLic 

V  "  =  V  "  +  V  - 

My  fly  rc.tl  ’  I ly'im.ig 


(7) 


Each  of  the  six  quadrature  voltages  can  be  expressed  as  the  sum  or  difference  of 
the  random  variables,  Sn,r(X,Y)  or  Sn,i(X,Y).  This  is  accomplished  using  the 
weighting  functions  in  Table  1  on  the  sources  in  the  environment. 


S„,(X,Y)  =  W„((|))  Re[Soxxvct^]  (8a) 

S„,,(X,Y)  =  W„(4))  /^[Sourcej]  (8b) 

n  =  1,2, 3,4  r  =  real  i  =  imaginary 

^n(P)  =  Weighting  Functions  shown  in  Table  1 
Source^  =  scattering  signal  from  source  j  of  N 

The  voltages  can  therefore  be  expressed  as: 


~  ^l,r+^2,r"^3,r"^4,r 

^Ez,i  =  ^l,i+^2,r^3,rS4,i 

(9a) 

Vh,, 

“  ^l.r  +  ^Xr 

^Hx,i  =  Sj,  +  Sji 

(9b) 

V,,. 

=  +  $4^ 

^Hy.i  =  +  ^4,i 

(9c) 

Wn(<;)) 

Range 

W|((j))  =  cos  4) 

for  -ji/2  s  (J)  sji/2  and  0  elsewhere 

W2((t))  =  sin  ({) 

for  0  s  <j)  ^  n  and  0  elsewhere 

W3(4))  =  cos  <f» 

for  k/2  ^  <j>  ^3k/2  and  0  elsewhere 

W4(<p)  =  sin  (|) 

for  jr  2S  (})  i  2jt;  and  0  elsewhere 

Table  1.  Weighting  functions  for  Sources. 


The  probability  density  function  (PDF),  fg  n.r|i(\r|i)’  of  ^^oh  random  variable, 
Sn  r|i[X,Yj,  is  Gaussian  for  an  infinite  number  of  reflectors  [3].  However,  for  a 
small  number  of  sources,  the  PDF  can  be  approximated  by  a  truncated  Gaussian. 
Tn  the  limit  of  truncation,  the  PDF  for  each  of  the  random  variables,  Sn^||, 
becomes  uniform  [4].  Thus,  the  quadrature  components  of  are  the  sum  of 
four  RV’s  with  uniform  distribution.  The  PDF  of  is  the  convolution  of 

four  uniformly  distributed  RV’s.  It  resembles  the  Gaussian  as  shown  in  Fig  2. 
Tlie  PDF  of  the  sum  of  two  uniformly  distributed  random  variables,  is 

triangular  and  yet  still  closely  approximates  Gaussian.  This  assumption  conforms 
to  mea.sured  data  and  conventional  models  [3].  The  cumulative  distribution 
function  (CDF)  of  |V„J  departs  from  the  Rayleigh  distribution  by  a  maximum 
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♦ 


of  0.56  Decibels  (dB)  as 
shown  in  Fig  3.  The 
distribution  of  |Vt^|  departs 
by  0.16  dB.  This  is  well 
within  (he  experimental  error 
of  propagation  measurements. 
The  correlation  coefficient  of 
the  power  envelopes  {Ppa,pp  , 
where  Pa,  Pp  =  \E,\\  |H,p, 
|Hy|“}  of  the  three  outputs 
from  the  energy  density 
antenna  determines  the  benefit 
of  selecting  or  combining 
these  together  to  avoid  nulls 
in  a  fading  environment  [2]. 

Piuziiy2  =  0  as  seen  by  the 
orthogonality  of  the  crossed 
loops.  Pti2,nk2  (f^=x,y)  is 
determined  by  the  PDF  of 
fs.,rii(Sn,rii)  ^od  therefore  the 
truncation  point  of  the 
Gaussian  PDF. 


_Cov(F^^P^ 

(vafivi)Var(ji^ 


where:Hi^-Hx  or  Hy 


(10) 
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The  correlation  coefficient  is  a  function  of  the  second  and  fourth  moment  of  the 
components  S^^ii  as  shown  below. 

The  correlation  coefficient  versus  the  truncation  of  the  Gaussian  PDF  is  shown 
in  Table  2. 


Truncate  @  + 

Std.  Dev. 

Correlation  Phz'hic'  for  Sources 

In  all  4  sectors 

In  only  2  sectors 

OC 

0.0000000 

0.0000000 

5.0 

-0.0000411 

-0.0000822 

4.0 

-0.0017540 

-0.0035111 

3.0 

-0.0221290 

-0.0447505 

2.5 

-0.0505844 

-0.1037599 

2.0 

-0.0901283 

-0.1885627 

1.5 

-0.1316281 

-0.2811517 

1.0 

-0.1657003 

-0.3599927 

0.5 

-0.1871468 

-0.4109525 

A  Unif 

-0.1944611 

.. 

-0.4285714 

Table  2.  Correlation  Coefficient  vs.  the  PDF  of  the  Sn,|i  Components. 


Tlie  uniform  PDF  for  the  components,  S„r|i,  produces  a  correlation  coefficient  of 
-0.194  and  thus  offers  greater  diversity  benefit  than  3  independent  antennas.  For 
selection  diversity,  this  advantage  is  equivalent  to  having  four  independent 
branches  as  shown  in  Fig.  4.  If  all  of  the  sources  are  in  only  two  of  the  four 
sectors,  then  the  correlation  coefficient  is  -0.428  and  the  benefit  is  greater.  This 
advantage  is  ba.sed  on  the  assumption  of  a  uniform  PDF  for  S„r||. 

If  the  number  of  reflectors  or  sources  is  reduced  further  to  two  and  they  have 
equal  power,  then  the  PDF  of  |Vp,  j  or  |V„|^|  is  peaked  at  the  ends  and  is  oiiown 
in  Fig  5.  The  envelope  correlation  coefficient  is 
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(12) 


Pli2,Hk2  - 

With  only  two  sources,  the  power  output  is  constant.  That  is: 


Thus,  for  two  sources,  the  energy 
density  antenna  lives  up  to  its 
name  and  provides  constant  output 
power.  For  three  sources, 
complete  adaptation  is  still 
possible.  In  signal  environments 
where  there  are  four  or  more 
sources,  the  energy  density 
antenna  cannot  avoid  nulls  [5]  and 
can  only  adapt  to  an 
approximation  based  on  the 
characteristics  of  the  sources.  The 
limitations  of  the  EDA  are  due  to 
the  number  of  its  available 
outputs.  With  only  three  outputs, 
the  EDA  has  only  two  degrees  of 
freedom  for  control  of  its  response.  Thus,  the  performance  of  the  antenna  is  very 
dependent  on  the  signal  source  environment. 

2.0  Signal  Source  Environments 

To  quantify  the  signal  environments  where  a  finite  number  of  sources  are  present, 
the  parameter  of  source  entropy  is  used.  It  is  defined  as 


=  K 


(13) 


whereiEf^- Source  Entropy 

and  p  of  source  i 

*  Total  Power  of  Sources 


(14) 
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This  parallels  the  use  of 
entropy  in  information  theory 
1 6]  in  that  entropy  is  a 
measure  of  the  randomness  of 
the  system.  As  the  number  of 
sources  and  the  distribution  of 
power  among  them  increases, 
the  entropy  increases.  How 
well  the  energy  density 
antenna  will  reduce  the  fading 
of  the  signals  will  be 
determined  by  the  entropy  of 
the  sources. 

For  the  energy  density 
antenna  to  adapt  to  the 
environment  and  reduce  the 
fading,  a  control  mechanism  needs  to  be  added  that  can  combine  the  outputs  in 
a  constructive  manner. 

3.0  Antenna  Control  Hardware 

Tlie  adaptation  of  antennas  in  the  multipath  environment  is  very  difficult  due  to 
the  rapid  changes  in  the  signal  characteristics.  Least  mean  square  algorithms 
(LMS)  are  too  computationally  intensive  to  be  practical  in  the  multipath 
environment  [7].  Direct  search  algorithms  are  a  possibility  but  require  rapid 
sampling  to  determine  the  gradients.  A  first  step  to  a  practical  controller  is  to 
construct  it  as  a  finite  state  machine. 

The  antenna  combiner  as  shown  in  Fig.  6  uses  only  phase  weighting  and  has  steps 
of  Till  on  each  of  the  four  inputs  from  the  antenna.  This  controller  has  2*  =  256 
unique  settings.  Because  only  the  relative  phase  among  the  four  wire  outputs  (Fig 
1.)  is  significant,  there  is  a  redundancy  which  reduces  the  number  of  unique  states 
to  2^4  =  64.  This  creates  one  more  pair  of  adjacent  states  (total  of  eight)  for  each 
state.  These  additional  adjacent  states  allow  more  flexibility  in  a  stepped 
trajectory  through  state  space.  The  importance  of  these  trajectories  will  follow. 

The  64  states  are  selected  with  a  one-byte  word.  The  penalty  for  this  simplicity 
is  two-fold.  First,  there  is  the  lack  of  amplitude  weighting  and  second,  the  phase 
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Figure  5.  PDF  of  Two  Signals. 
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quantization  is  very  coarse.  The  lack  of  amplitude  weighting  (equal  gain 
combining  [2])  sacrifices  0.98  dB  of  signal  relative  to  an  ideal  combiner,  a  pre- 
deteC’on  maximal-ratio  combiner  [2].  This  is  calculated  by  finding  the  expected 
value  of  the  square  of  the  difference  of  two  Rayleigh  distributed  random  variable.s. 
This  assumes  that  the  two  signals  are  co-phased  before  combining  them  in  a 
Wilkenson  Tee  [8]. 


-K? 


(15) 


where  Vi^-\Vy-V^\  and  p^V^-2e  '  /or  0iv^<«> 

i-1,2 


£[ki]-.213  £[Ff]-£[P^]-l 

LOSS-  -0.8935  -0.49d!B 

2 


(16) 


The  four-way  combiner  consists  of  two  2-w'ay  combiners  in  .series.  The  total  loss 
is  twice  0.49  dB  or  0.98  dB. 


The  coarse  quantization  of  the  pha.se  step.s,  n/2,  al.so  introduces  los.ses  of  0.87  dB 
as  shown  below. 


cos(0) 


£[v2]-  f 


4X^ 


oos( 


Tt)  nvT- 


-dx- 1  -0.5 + -  -0.8 18-  -0.87dB 

r2  71 


(17) 


riie  analysis  assumed  that  there  would  be  a  uniformly  distributed  phase  error  of 
_f  jt/4  for  each  of  the  four  inputs  from  the  energy  density  antenna.  'Hie  total  loss 
is  the  sum  of  the  loss  due  to  -■  ,ual  gain  combining  and  that  due  to  large  phase 
quantization  and  is  equal  to  1.85  dB.  This  loss  has  been  verified  as  part  of  the 
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system  simulation,  see  Fig.  9,  and  is  described  in  section  5.0. 


The  64  states  of  the  antenna  can  be  diagrammed  in  a  4x4x4  Euclidian  state 
space  cell  as  in  Figs.  7  and  8.  These  cells  are  periodic  in  all  three  axes. 
Allowing  the  controller  to  step  only  to  adjacent  states  limits  the  switching 
transients  to  small  values  compatible  with  analog  and  digital  modulation  [9]. 
These  single  step  trajectories  in  state  space  are  easy  to  incorporate  into  the  control 
algorithm. 

4.0  ADAPTIVE  ALGORITHMS 

The  adaptation  algorithms  used  with  this  antenna  must  be  very  simple.  The 
intended  application  is  small,  battery  powered  equipment  where  size  and  power 
consumption  must  be  minimized.  There  is  no  active  processing  (gain  or 
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conversion)  of  the  input  signals  before 
combining  and  the  receiver  itself 
provides  evaluation  of  the  combined 
signals.  Two  algorithms  have  been 
.'simulated  and  compared  for  use  in  this 
application,  a  direct  search  [7]  and  a 
newly  developed,  chaotic-cycle- 
tracking  (CCT)  routine. 

The  direct  search  is  a  simple  routine 
in  which  the  receiver  samples  all  eight 
adjacent  states  and  then  switches 
whenever  the  criterion  (signal  strength, 

S/N,  C/I,  etc.)  of  any  one  of  them 
exceeds  that  of  the  present  state.  This 
requires  extensive  sampling  and  is  slow.  However,  it  works  well  at  low  fading 
rates  [9].  At  higher  fading  rates,  even  this  simple  algorithm  exceeds  the  capacity 
of  the  control  hardware. 

This  study  demonstrated  that  often  multipath  propagation  has  chaotic  [10]  rather 
than  stochastic  [3]  characteristics.  The  existence  of  chaotic  limit  cycles  has  been 
demonstrated  for  many  different  environments  by  field  measurement.  Fig.  7,  and 
computer  simulation. 

Fig.  8.  For  each  simulated 
physical  path  of  the 
antenna,  the  "most 
traveled"  closed  path 
through  state  space  was 
identified  and  showed  the 
chaotic  characteristic.  This 
chaotic  nature  can  be 
exploited  allowing  the  use 
uf  a  fast  algorithm. 

The  chaotic-cycle-tracking 
(CCT)  algorithm  is  fast 
because  memory  is  used  to 
model  the  environment  and 
maintain  an  estimate  of  the 


Figure  8.  Limit  Cycle  from  Simulation. 
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best  next  state  for  each  present  state.  The  system  is  modeled  as  a  Markov  chain 
[11,  12,  13]  with  a  non-stationary  transition  matrix.  The  transition  matrix  is 
sparse  and  each  row  contains 
only  two  values,  one  on  the 
major  diagonal  and  the  other 
in  one-of-eight  possible 
positions  (adjacent  states). 

The  position  of  the  latter  is 
determined  by  the  greatest 
element  of  the  criteria  benefit 
vector  (CBV)  for  that  state. 

The  transitions  occur  when 
the  criterion  of  the  present 
state  falls  below  a  standard. 

If  the  switching  is  beneficial, 
then  the  new  state  is 
continued  until  the  value  of 
the  criterion  decreases.  If  the 
switching  is  detrimental,  then 
the  opposite  adjacent  state  is 
selected. 

A  criteria  benefit  vector  (CBV)  of  length  8  is  maintained  for  each  of  the  64  states 
of  the  antenna.  The  essence  of  the  adaptive  algorithm  is  the  method  of  updating 
the  elements  of  the  CBV’s.  Each  time  the  antenna  changes  state,  the  change  in 
the  value  of  the  criterion  is  used  to  update  the  vector  element,  V|j  by 

where  0<a<l 
O.-output  in  state  i 
and  Oj  ~output  in  state  j 
after  transition  from  state  i 

The  value  of  is  important  as  it  is  the  "forgetting  factor"  [14,  15]  of  a  self  tuned 
regulator  (STR)  adaptive  system.  The  value  of  is  a  function  of  the 
Kolmogorov-entropy  (K-entropy)  [10]  of  state  i. 

11 


Figure  9  CDF  of  Antenna. 
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All  calculations  are  done  while  waiting  for  the  delay  caused  by  the  IF  filter  of  the 
receiver  and  the  A/D  conversion.  The  switching  then  occurs  without  having  to  do 
significant  calculations  because  the  next  state  is  estimated  while  measurements  are 
being  done.  This  estimate  is  based  on  the  past  history  of  benefit  or  loss  of  this 
transition. 

''  A  series  of  the  most  beneficial  estimates  predict  a  closed  path  in  state  space  [16, 

17]  while  the  antenna  traverses  the  environment.  This  path  is  only  an  estimate  of 

,  the  ideal  instantaneous  path  which  shows  wandering  or  chaotic  behavior  in  most 

environments.  This  predicted  closed  path  is  defined  as  the  limit  cycle. 

The  use  of  the  concept  of  chaos  to  describe  the  multipath  environment  is  a 
departure  from  conventional  thought.  It  requires  an  entropy  value.  The  entropy 
of  the  system  is  the  sum  of  the  K-entropy  for  each  state.  One  method  of 
obtaining  the  entropy  is  to  estimate  the  transition  probabilities  from  a  histogram. 
The  histogram  is  only  available  during  simulations  and  is  not  available  during 
real-time  operation  of  the  algorithm.  Another  method  of  estimating  the  entropy 
is  from  the  variance  of  the  benefit  of  the  criteria.  This  is  available  during  real¬ 
time  operation  of  the  algorithm. 

Those  states  with  high  entropy  are  steering  states  where  the  system  may  select 
quite  different  paths  [18,  19,  20).  If  the  entropy  of  a  state  is  low,  then  the  next 
state  is  consistent.  The  forgetting  factor  for  each  state  is  made  a  function  of  the 
entropy  of  that  state  as  estimated  from  the  variance  of  the  benefit  to  the  criterion. 

ITie  variance  for  each  element  of  the  CBV’s  needs  to  be  stored  in  addition  to  the 
value  it.self.  If  a  single  byte  is  used  to  store  these  variables,  then  the  system  can 

)  be  defined  within  1  K-Byte  of  memory.  This  is  within  the  capability  of  low-cost, 

low  current,  CMOS  controllers. 

f  5.0  Results  -  Antenna  Performance 

The  performance  of  the  antenna  is  measured  in  the  form  of  a  cumulative 
distribution  function  of  signal  .strength,  see  Fig.  9.  This  shows  the  overall 
effectivene.ss  in  reducing  the  multipath  fading.  For  any  particular  probability 
level,  e.g.  5%,  the  advantage  can  be  expressed  in  dB  of  signal  strength.  This  dB 
advantage  can  be  used  in  any  other  part  of  the  system,  e.g.  lower  transmitter 
power.  The  advantage  of  the  antenna  is  shown  in  Table  3.  The  benefit  is  that 
relative  to  an  E-field  antenna. 
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Difference  in  Signal  Levels  Relative  to  an 
Occur  Five  Percent  of  the  Time 

E-Field  Antenna  when  Fades 

Environment 

Combining  Algorithm 

Source 

Entropy 

Maximal 

Ratio 

Equal 

Gain 

Direct 

Search 

Cycle  Track 

0.5 

11.5  dB 

9.6 

8.6 

8.5 

1.0 

11.5  dB 

9.6 

8.6 

8.3 

1.5 

11.5  dB 

9.6 

8.6 

7.4 

2.0 

11.5  dB 

9.6 

8.6 

6.4 

2.5 

11.5  dB 

9.6 

8.6 

5.5 

3.0 

11.5  dB 

9.6 

8.6 

3.2 

4.0 

11.5  dB 

9.6 

8.6 

2.4 

5.0 

11.5  dB 

9.6 

8.6 

1.5 

Table  3.  Benefit  of  the  Adaptive  Energy  Density  Antenna  with  Various 
Algorithms. 


6.0  Conclusions 

1.  Tlie  energy  density  antenna  is  an  effective  receptor  in  a  multipath  fading 
environment.  It  is  a  single  antenna  structure  which  provides  three 
independent  outputs  that  can  be  selected  or  combined  to  provide  a 
diversity  gain  of  typically  12  dB.  The  entropy  of  the  scattering 
environment  determines  the  improved  performance  of  energy  density 
antenna  relative  to  that  of  three  independent  antennas.  For  scattering 
environments  with  high  entropy  the  performance  is  equivalent.  For 
environments  with  low  entropy  the  energy  density  antenna  performance  far 
exceeds  that  of  three  and  approaches  that  of  an  infinite  number  of 
independent  antennas. 

2.  A  simple,  phase  only,  64-.state  antenna  controller  and  combiner  can  be 
used  with  tlie  energy  density  antenna  and  invokes  a  mean  loss  of 
performance  of  1.9  dB  resulting  in  a  typical  net  diversity  gain  of  10  dB. 
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3. 


The  scattering  environment  often  produces  fields  that  have  chaotic 
characteristics  when  viewed  in  the  state  space  of  the  energy  density 
antenna.  The  periodicity  of  the  fields  becomes  more  apparent  when 
viewed  in  three-dimensional  state-space  rather  than  in  scaler  time  plots. 

4.  An  adaptive  algorithm  which  uses  memory  to  retain  an  estimate  the 
gradients  and  converge  to  a  limit  cycle  is  effective  in  a  scattering 
environment.  In  many  environments  the  penalty  is  less  than  2  dB  when 

t  compared  with  a  continuous  direct  search  algorithm.  The  benefits  include 

operation  at  mobile  vehicle  speeds,  reduced  switching  transients  and  low 
power  consumption. 

5.  This  algorithm  can  be  run  on  very  low-cost,  low-power  CMOS  controller 
chips,  such  as  the  68HC04,  for  antennas  on  moving  vehicles  at  highway 
speed.s.  It  is  effective  in  systems  with  voice  bandwidth  channels  at 
900  MHz. 
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areas  of  competence  is  provided  to  ESD  Program  Offices  (POs)  and  other 
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ESD  elements  to  perform  effective  acquisition  of  C  I  systems.  In  addition, 
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Air  Force  user  community,  and  other  DOD  and  non-DOD  agencies.  Rome 
Laboratory  maintains  technical  competence  and  research  programs  in  areas 
including,  but  not  limited  to,  communications,  command  and  control,  battle 
management,  intelligence  information  processing,  computational  sciences 
and  software  producibility,  wide  area  surveillance/sensors,  signal  proces¬ 
sing,  solid  state  sciences,  photonics,  electromagnetic  technology,  super¬ 
conductivity,  and  electronic  reliability/maintainability  and  testability. 


